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ABSTRACT

Mutual coupling in a phased array can cause its radiation performance to vary with
electrical phasing used to steer the array., Large performance degradations can accrue
when many coupling contributions add in-phase., This happens when the steering phase
advance equals the mutual coupling phase delay between consecutive elements. For these
critical scan directions reflections can be very large, and the antenna array will transmit
or receive very little power, as evidence by deep holes in the element radiation pattern.

A lacge, flat, uniformly spaced array of identical antenna elements ie analyzed.

A relationship is found between critical scan angle and mutual coupling coefficients.
Element radiation pattern, 2:tive array mismatch, and radiation efficiency are shown to
be equivalent representations of phased array scan performance,

Zxtensive radiation pattern and mutual coupling measurements were made ‘na
planar, equi-angular array of coaxial horn antennas. These measured mutual coupling
coefficients were summed over columns of the test array. The phases of these columi
sums were found to vary lincarly with distance. At the critical scan angle, all columns
on one side of the array couple in-phase and re-radiate destructively, causing deev holes
in array coverage and in element radiation pattern. Empirical coupling velocities were
less than the free space velocity of light. Radiation holes appeared at scan angles which
were smaller than those for which the grating lobs maximum enters real space.

Many physical perturbations of the array geometry were investigated experimentally
to determine their influence on array scan performance. Several diverse array types are
reported to have radiation minima attributable to in-phase coupling accumulation,

566-12



— e med amad eeeed e beed D

. N

Section

TABLE OF CONTENTS

List of Illur rations

Introduction

THEORY OF COUPLING ACCUMULATION

1.1 Active Reflection Coefficient

1.2 Periodicity and Symmetry of Scan Mismatch

1.3 In-Phase Coupling Accumulation

1.4 Zenneck Surface Wave

1.5 Column Coupling Coefficients

1.6 Active Mismatch Estimate

1.7 Theory of Surface Waves on a Dielectric Slab and Its
Array Application

S8CAN RELATIONSHIPS IN PLANAR PHASED ARRAYS

2.1 Introduction

2.2 Power Conservation

2.3 Array Scanning Variations

ARRAY MEASUREMENT PROCEDURE

3.1 Antenma-Array Geometry

3.2 Radiation Pattern Measurement Procedure

3.3 Mutual Coupling Measurement Procedure

MUTUAL COUPLING DATA

4.1 Measured Coupling Between Elements

4.2 Column Coupling Coefficients

4.3 Array Active Impedance

MEASURED RADIATION PERFORMANCE

5.1 Representative Radiation Patterns

5.2 Measured Radiation Nulls

ARRAY COMPARISON

REFERENCES

THE INPUT ADMITTANCE TO A SLOTTED ARRAY WITH OR

WITHOUT A DIELECTRIC SHEET
DIPOLES IN PHASED ARRAYS

Page

iv
vi
1-1
1-1

1-4

1-11
1-13
1-16

1-18

4-1
4-6
4-9
5-1
5-1
5-7
6-1
R-1

A-1
B-1




;

TABLE OF CONTENTS (Continued)

B.1 Introduction
B.2 Infinite Dipole Array
B.%1 Inpvdlupoduccua!‘uncttono(ScanAmle

B.%.2 The Relationship Between Element Pattern, Array
Patterns, and Element Driving Point Impedance

B.3 Finite 8izad Dipole Arrays
B.3.1 Experiment and Theory
B. 3.2 Linearly Polarized Dipoles on 2 8quare Grid
B.3.3 Crossed Dipoles on & Triangular Grid

B.4 Current Sheet Antenna

FLIGHT TEST PERFORMANCE DATA ON THE MAR RADAR
SYBTEM

List of B8ymbols

Presentatinns and Publications
Visits and Visitors

Conclusions

Recommendations for Further Study
Acknowledgraents

Page
B-1
B-1
B-1

B-5
B-T7
B-T7
B-8
B-8
B-24

AA-1
AA-3
AA-4
AA-5
AA-T7
AA-8




» b
"“3 e

h—-*__ e

LIST OF ILLUSTRATIONS
Figures Page
[] 1-1 Spherical Coordinates 1-2
1-2 Array Column Steering 1-6

1-8 Phase of Column Coupling for Linearly Polarized Coaxial Horns 1-7
1-4 Phase of Column Coupling for Circularly Polarized Coaxial Horns 1-8
1-5 Antenna Element Cross Section 1-12
1-6 Amplitude of Column Coupling, Linearly Polarized Coaxial Horns 1-14
1-7 Amplitude of Column Coupling, Circularly Polarized Coaxial Horns 1-15
1-8 Surface Wave Velocity 1-20
3-1 65 Element Array 3-2
3-2 Antenna Test Range ‘ 3-4
3-3 Array Rotating in Cardinal Plane 3-5
3-4 Ring Phase Meter | 3-8

4-1 Array Coupling Coefficients Between Linearly Polarized Elements
(E Horizontal) 4-2

|

|

!

|

U

U 4-2 Array Coupling Coefficients Between Circularly Polarized Elements 4-3
4-3 Intensity of Coupling Between Linearly Polarized Antenna Elements 4-4

l 4-4 Iitensity of Coupling Between Circularly Polarized Antenns Eiements 4-5
4-5 Phase of Coupling Between Linearly Polarized Coaxial Horns 4-7

' 4-6 Phase of Coupling Between Circularly Polarized Conxial Horns 4-8
4-17 Scan Impedance, 78 Effective Array Elements 4-11
4-8 Scan Impedance, 126 Effective Array Elements 4-12

H 5-i Element Radiation Pattern, E Component in Plane of Scan 5-2
5-2 Element Radiation Pattern, E Component Perpendicular to Plane of Scan 5.3

|

t

y

|

l

I

|

5-3 Element Radiation Pattern, Response to Rotating Linear
Polarization 5-4

- 5-4 Element Radiation Pattern, Cardinal Plane 5-5
5-5 Critical Scan Areas 5-8

5-6 Critical Scan Angler, Circularly Polarized Elements with Radomes 5-9
5-7 Critical Scan Angles, Linearly Polar;zed Elements with Radomes 5-12
5-8 Antenna Array Without Radomes - 5-18
5-9 Critical Scan Angles, Linearly Polarized Elements without Radomes 5.14
A-1 Planar Siotted Array Covered by a Dielectric Sheet A-2
B-1 Infinte Dipole Array (G'rmnd;Phne not Shown) B-2




f
g
!
i
i
:
[
i
i
i
i
i
I
[
I
g
A
I
I

Figures
B-2

B-i0
B-11
B-12

B-13
B-14

866-12

LIST OF ILLUSTRATIONS (Continued)

Driving Point Impedance with Scan Angle for Center Element
of 9 x 7 Array of \/2 Dipoles A /4 Above & Ground Plane with
Element Spacing 0. 6\ Bquare. Generator Impedance is
Conjugate cf Isolated Eleme nt is Impedance (z‘)

E and H Plane Source Pattern of Center Element of 9 x 7
Array of A/2 Dipoles A/4 Above 2 Ground Plane with Element
Spacing 0. 6\ Bquare. Generator Impedance is Conjugate

of Isolated Element Impedance

Crossed Dipoles on & Triangular Grid (Ground Plane which is
A/4 Below Dipoles is not shown)

Input Impedance of x and y Dipoles in ¢ = 0° Plane (Circular
Polarization). Insert: Array Configuration

Input Impedance of x and y Dipoles in ¢ = 30° Plane (Circular
Polarization)

Input Impedance of x and y Dipoles in ¢ = 60° Plane (Circular
Polarization)

Input Impedance of x and y Dipoles in ¢ = 80° Plane (Circular
Polarization)

Principal Plane Patterns of x and y Dipoles in a Triangular
Grid Array

Reflection Coefficient of Driven Port of Circularly Polarized
Crossed Dipoles vs. ¢ and @

Reflected Wave in Orthogonal Port of Circuiarly Polarized
Crossed Dipoles vs. ¢ and 0

Input Impedance of Array of 0. 2\ Dipoles in Triangular Grid
with a 0. 3\ Interelement Spacing 65° Elements in Array

Current Sheet Antenna

Input Impedance of an Infinite Current Sheet A Q/4 Above a
Ground Plane

g

B-10

B-11

B-15

B-16

B-17

B-18

B-20

B-21

B-22

B-25
B-27

B-29



sl —

: \-\ .

INTRODUCTION

A phaged array consists of an assembly of fixed antenns ¢lements, coherently
excited through a beam forming and steering network, The phased array is steered by
controlling the phase (or time) delays connected to each antenna eleinent,

Mutual coupling between antenna elements can cause large variations in array
performance as a function of scan angle. Coupling contributions accumulate in-phage
with maximum effect on performance in those critical scan directiong for which the con-
secutive steering phase advances match the mutual coupling phage deleys. This report

describez the nature of thie coupling accumulation and its effect on array scan per-
formance,

Phased arrays are used in many different electronic systems, A specific
application of thig study is in large, multifunction, phased array radar.
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SECTION 1

THEORY OF COUPLING ACCUMULATION

Mutual coupling in phased arrays causes the antenna active impedance to vary with
heam scan angle. The impedance variation and consequent radiation pattern degiadations
can be computed from the array mutual coupling coefficients and antenna drives. Both are
knowable., The transmission linevoltages driving the anteunas are determined by the array
{itumination taper and radar scan direction. The mutual coupling coefficients are know-
able either from measurement ur analysis. From this knowledge, one can construct the
active impedance, scanning reflection, element power pattern, and target illumination
intensity vs. scan angle. The analysis here will be general, not unique to any particular
antenna type. We will assume that the array is large, flat, and has uniform interelement
spacing.

Figure 1-1 shows & uniformly spaced, plamar phased array and its coordinates.
The array face is in the XY plane. The Z axis is the array normal and the poie of &
spherical coordinate system. 0 is the polar angle measured from the outward array normal;
¢ is the longitude about this normal. The small circles in Figure 1-1 represent potential
antennas. In a uniform rectangular array, identical antenna elements occupy every circle;
separations dx and dy are independent design constants. Inan equiangular hexagonal array
identical antennas occupy alternate circles (in checkerboard fashion) with dx = 34 v
Any plane containing the hexagonal array normal and passing through any one of the 6
closest elements is called a cardinal plan (e.g. ¢ =90°). The bisecting planes are called
intercardinal planes (e.g. ¢ = 0°).

1.1 ACTIVE REFLECTION COEFFICIENT

An array of M X N antenna elements constitutes an MN port network, whichusually
is reciprocal, lossy (radiating), and obeys linear superposition. The active mismatch
of the central (0, 0) antenna element (with all neighbors suitably excited) is given by the
following exact relation:

v
r = 8 (v=2) (1-1)
L LSV

where
§ = mutual coupling coefficient between tiae central (0, 0) antenna and

MmN the (m, nth) antenna
V= drive applied to the (m, nth) antenna
Vv, = drive applied to the (0, 0th) antenna element.
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Each antenna drive vm is characterized by an amplitude and a phase angle. The
amplitude i{s determined by the chosen array illumination (assumed uniform in the neighbor-
hood of the reference element 0,0). The phase is determined by the beam pointing direction
and controlled by the array steering network. The steering phase ndvance is assumedto be
die exact complement of the radiation retardation in the selected direction of the array
scan, Thus all array radiation contributions add in phase when the;!ar field observer at
r, @6, ¢ is at 2 maximum of the steered beam 9 = Ogr ®=0g The drive applied to the

(m, n) antenna is

;-—‘ _ e-jl(ol:mdxsin 64008 ¢, + nd 8in 6 sin ¢,) . i)

Subscripts "'s'"" refer to the array steering command». The phase increments between con-
secutive columns and rows are respectively

d
&, = Kodxlin G.COI ¢. = 21( i-{) cos(x, r)
0
(1-3)

d
\lry = Koc'.'ylin o.sin ¢. = Zw(i-::) cos(y, r)

where cos(x, r) and cos(y, r) are direction cosines between the scan beam and the X or Y
axis respectively. Inseriing equations (1-2) and (1-3) into (1-1) yields the array active
reflection coefficient I‘(\le, \Ify) and its Fourier complement snn

- <}m¥ +n¥)
r(\px,wy):-ZZsmne & (1-4)

J(m n¥
w* Yd-rxdw (1-5)

2 r r
n- (71;) f\g(s-w f\I'y=-1r o (\I'x’ ¥, )e

1.2 PERIODICITY AND SYMMETRY OF SCAN MISMATCH

Equation (1-4) shows that the active reflection coefficient is a periodic function of

L2 and \l'y.
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Ina rectangular array, the period is

1, A\le = Zwt;: or ‘Acos(x, r) -( ) m - and

»Mo™

>

” o L4
2. A\Ily =2tn | or .. Acos(y, r) -(a;) n

m and n are arbitrary independent integers, generating the famijar grating lobe series. At
each grating lobe the steering command \l& and \Ily repeats, consequently, the active reflec-
tion is also repetitive,

A hex_aggml array can be regarded as the sum of two interlaced rectangular arrays,
Its active reflection coefficient has a period .

: ” A ”
1, AY, =m or Acos(x, r) .é’ao;) m and

" A\ W
2, A\I'y =qn or Acoe(y, r) _(_!a_o) n,
, y"

Here m and n are arbitrary integers having an even sum, They form the grating lobe sertes
for the hexagonal array, )

v,

If the coupling coefficients are symmetric, Sm n" S_m -’ then the reflection
) ’

coefficient is also symmetric, I‘(\l&, \Iry) = I‘(-wx;-\lfy). hese symmetry conditions are

usually met in rectangular and hexagona! arrays of linearly or circularly polarized
antenna elements,

1.3 IN-PHASE COUPLING ACCUMULATION

Equation (1-4) shows that the active reflection coefficient r(g{, 'I'y) is & summation
of complex coupled contritutions from neighboring antennas. Each contribution is generally
very small but many coupling contzibutions can add in-phase to produce a large mismacch
resulting in minimal radiation in certain critical scan directions. These critical scan
angles will now be evaluated i terms of the array mutual coupling coefficients,




Consider array steering in the principal plane ( ¢ = 0) containing rows of a
rectangular array, or ia the intercardinal plane of a hongonul array. All antenna ele-
ments in any column are driven in the same phase (see Figure 1-2). The steering phase
increments (equation (1-3)) become

iy

and iy =0, (1-6)

The array scan mismatch (equation (1-4)) becomes

. -jm\g‘

) =Y () 8, ) . (1-7)
m n

The inner summation is over all the elements in any one column "m"; the outer summation

is over columns of the array, The net coupling contribution from any one column1 can be

written in terms of its amplitude and phase

J
Y Bpn = Ap® ¥ . (1-8)
n

The phasec of the column coupling coefficients 'I'm are important in determiring the scan
capabilities of phased array. Each 1[/ is a function of the column index Im|.
Experimental evidence (Figures 1-3 and 1-4) indicates that \Ivm i almost exactly
proportional to the column Index |m| and hence proportional to the physical separation
|m Id between the m'! column and the reference element (0, 0).

This linear phase delay witk distance can be understood from the physical mechanism
causing column coupling. All elements in the mth array column are excited with the same
amplitude and phase; all elements outside this column are terminated in a reeistance Z
The individual antenna elements in the mth column are Huygens sources. Their fields add
to produce a linear chase front parallel to the array column, when observed at distances
which are great: in comparison to a wavelength, and in comparison to the interelement spac-
ing. The wave travels across the array face at a uniform velocity, since the phase delay

566-12
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¢, is proportionai to distance lmldx. This wave is intercepted by consecutive passive
antenna elements which absorb and scatter part of the traveling wave. The reference ele-
ment (0, 0) can be thought of as a ""probe" which loosely couples and samples the surface
fields generated when the mth column of the array is driven. Changing |m| effectively
moves the "probe' across the array face in discrete increments equal to the intercolumn
spacing dx‘ This is the physical egphnatlon of the cc.amn coupling coefficients defined in
equation (1-8).

‘The phase of the columan coupling coefficient ¥ R is a symmetric function of the
column index |m|. This functional dependence could be expressed in a power series

vlvm-a+b|m|+c|m|z+--- (1-9)

The coefficients &, b, ¢, -+ - are constants in any given array. From Figures 1-3 and

1-4 and from the heuristic argument above, we sec that a and b are thz dominant terms

in the series. The remaining terms are negligible for coupling vi». a wave traveling across
the array face at a uniform velocity.

Define '¥" as the mean slope of the coupling phase ¥ vs. m|. An effective wave
numbor"K"', wavelength '\ "' and phase velocity 'v "' can be defined in terms of this mean
phase delay per column ¥ computed or measured at the discrete antenna terminals.

2tdx mdx
¥ =Kd =—— = — (1-10)
s s

Inserting equations (1-8), (1-9), and (1-10) int» (1-7) ylelds the following expression for the
scanning mismatch:

%9 Hm (e + 3] . (1-11)

-jm(
- ja x
r §s°n +e L§° A e + ,ZoAmp

Equation (1-11) has the following physical meaning: the active reflection coefficient at the
reference element (0, 0) is the sum of its own mismatch plus coupling from elements in
its own column [st term in (1-11)] plus coupling from all columns to its left and right
[1ast two series in (1-11)]. Each coupling amplitude (A , A , and A! ) is very small




(weaker than -20 db in most cases). Large mismatches occur when many coupling contri-
butions add in-phase. This happens when

¥, =¥+ 2nq (1-1%)

whers q is any integer, \Irx is the array steering phase incremert per column given in
equation (1-6), and ¥ is the mean coupling phase delay per column (equation (1-10)).
Equation (1-12) gives an infinite set of critical scan directions. Typlcally, only q = 21
correspond to critical scan angles in real space (|sin ¢ L cl< 1). These critical scan
directions are determined by:

A c
|atns, | = (3,2‘)_ (-v_:) (1-13)

For scan angles at or near esc' the consecutive steering phase advances just match the
mutual coupling delays, and many coupling contributions add in-phase to produce a large
mismatch. For a given array (dx/xo) is known and (v ./co) can be obtained either analy-
tically or via measurements. Equation (1-13) shows that, for any given radio frequency
and array design, the critical scan angle is the arc sine of the difference between the
inverse electrical spacing and the inverse coupling velocity.

The critical scan angle (producing large mismatch) will now be compared to the
scan angle ¢ sl causing an end-fire grating lobe

| stn esng-:-;:-: =i , (1-14)

Comparing equations (1-13) and (1-14), we find that the critical scan angle e. 2 is smaller
than the scan‘angle 9ggL, CRusing an end-fire grating lobe, when Vg <C,, a8 is the case
when mutual coupling is via a slow wave.

Measurements in arrays of linearly polarized coaxial horns, circularly polarized
coaxial horns, and linearly polarized rectangular horns all show coupling at velocities
substantially less than the velocity of light.

This fact is very important in phased array design. Typical array design procedure
selects the interelement spacing so as to place the grating lobe at the edge of real space
for maximum radar scan angles. This can result in serious radar degradations (large

S66-12 1-10




impedance mismaéch, large radiation loss, and polarisation distoriion) at lesser scan
angles within the design coverage sbjectives of the array. These degradations are a con-
seguence of the in-phase accumulstion of many small coupling contributions, and hence
could go undetoctsd in the analysis or meagsurement of antenna element performance in
small array samples.

1.4 ZENNECK SURFACE WAVE

Array antenna elements of several types appear to couple via surfece wave pro-
pagation acroes the array face. The resultant coiumn coupling coefficients (equation (1-8))
have heuristic and measured properties similar to the classic Zenneck surface wave?""
Surface wave theory has been effective in interpreting the coupling measurements and in
analyzing the effect of dielectric sheets and hemispheric radomes on scan performance
of these arrays. Antenna elements known to support slow wave propagation include the
TE, , mode coaxial horn of the shape shown in Figure 1-5, and the TE, , mode rectangular

11
waveguide radiating end-on} L

This section contains a brief description of the classic Zenneck surface wave
followed by its application to several important problems in phased array radar,

The lowest order surface wave mode propagating over a metal ground plcne is
=T“0‘ Arrayantenna elements can be thought of as perturbations in such & ground plane.
These perturbations influence the surface wave velocity and extract power from the surface
wave through mutual coupling and scattering. (Interelement spacing is such as to provide
coherent back radiation at an angle equal to the critical scan direction and with a scattering
phase which would reduce the direct element radiation in this direction.) Thus, the planar
array can be thought of as a periodically loaded slow wave structure whose surface wave
velocity determines the radar scan coverage (equation 1-13).

The macroscopic properties of surface waves can be analyzed independently of the
detail surface structure producing the wave retardation (i.e., a dielectric sheet anda
trough surface can be designed to have the same surface wave properties, at large distances
from the surface irregularities). Consequently, it is desirable to know these surface wave
properties independently of the launching and propagating structures. Barrow and Cullen’
have derived relationshipe between the tangential propagation constant 'y", the orthogonal

propagation constant ' (', and the surface impedance "Z s"‘ Knowledge of any one of
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these complex numbers completely determines the other two and defines the surface
weve; the iuiationshipe cre

2 2 :
Zg=d u anan’sy +X30 (1-15)

where
-z.-mmmmmnm
y = tangential propagation constant
u = orthogonal propagation constant

Ko = % = W /poe o' = free space wave number

The surface wave, remote from the irregularities, has the Zorm of a compiex plane wave
Ae"lt‘uz "Yxc . (1'16)

The Z-axis is chosen normal to the interfae (array outward normal). The X-axis is chosen
along the directio: of surface wave propagvtion. Phase and amplitude of the surface wave
are independent of Y as they would be if the discrete elements in any column of Fig.ve 1-2
were approximated by & continuous line source.

In general, Z g W and y are complex numbers, For surfaces hlviﬁg very low
coupling and scattering losses, the surface impedance z.3 i3 mainly reactive. y is mainly
real mﬂ v is mainly imaginary. Thus, a slow wave propagates ir the X direction; constant
phase fronts are coincident with constant values of X. Antenna coupling and re-radiation
losses cause attenuation in the X direction of propagation, and y becomes complex.

1.5 COLUMN COUPLING COEFFICIENTS

Next the measured properties of the cclumn coupling coefficients will be compared
to the cheracteristics of the Zenneck surface wave. '

Experimentally determined column cenpling coefficients in two different arrays are
shown in four Mgures: 1-3, 1-4, 1-6, and 1-7. The phase plots (Figures 1-3 and 1-4)
are linear, suggesting uniform velocity slow waves as per equation (1-16). Equation (1-16)
also suggests an expenentinl amplitude decay with distance, |x{ = lmldx. Measured
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- types of coupling. In particular, column coupling coefficients A = A el 4 the

amplitude of the column coupling (Figures 1-6 and 1-7) also seems to fit surface wave
theory for I[m| > 1. (When m = 0 or £1, the driven column and reference element are
separated by less than A o Near field effects and array discretenesswould be expected to
ciuse departures from the Zenneck surface wave theory for |m| < 1,)

Array column couplings have the same X dependence as the Zenneckh suriace wave. 1
In the Y direction, the array and its excitations repeat at increments dy equal to tbe array
spacing. Consequently, the distant column coupling coefficients will have no Y dependence,
also matching equation (1-16). Thus, the measured coupling data fits well the Zennech
surface wave theory at the discrete antenna terminals.

The performance of an element in a large phased array resembles that of surface
wave antenna33 containing a driven element, & slow wave structure, and a collection of
radiators. A surface wave on an array excites passive neighbors which radiate in-phase
in the direction 6§ = 6 gc 38 given in equation (1-13). The phase of the parasitic radiation
can be opposite to that radiated directly by the element, resulting in deep holes in the f
element radiation pattern at the critical angle 6 dc (e.g., see Figure 5-1).

1.6 ACTIVE MISMATCH ESTIMATE .

The scan mismatch of 2 phased array can be obtained in closed form for certain

surface wave (equation 1-16), having a line source at {: : g} and sampled at the discrete
array columns. The resultant active mismatchx* is

m and m’ are summation indices representing elements to the left and right of the reference
element (0, 0), whose active mismatch is I'(9 8). M and M are the number of columns in

Vd
’

(1-17)

So—.

*We have assumed that array columns are driven in phase and that the surface wave phase
fronts are parallel to array cciumns. Thus equations(1-17)and(1-18) applyto beam scan-
ning in a principal plane of a rectangular array grid or in an ‘atercardinal plane of a
hexagonal array. These scan planes are the worst cases (least scan coverage to 0g¢).
The mismatch I'is a gradual function of the plane of scan ¢g so that equation (1-18) is
valid in and near the worst scan planes, ¢g5 = 0, +80°, +120°, and 180° for the hexagonal
array and ¢ ™ 0, +80°, and 18(" for the rectangular array.
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the array on either side of the selected reference. Equation (1-17) can be simplified using
the following definitions and series identity:

C, (38 aleia

on o

Qe=a+ iy, -y)=a+IKd(sing -=tad )

Q=a- j(\bx+$)-a- jKodx(slne.+sln99c)
E mQ l-e -MQ
-1
Equation (1-17) reduces to

'
e'MQ+ 1 —e'MQ’ ]

caeife 1o
I‘(G’) Aoe [Cl+ q eQ,-l

(1-18)
e =1 .

Equation (1-18) is an explicit expression for the active reflection coefficient
Tas a function of the scan angle 6 " and the coupling properties A Cl’ a, 6 and a.
These guantities are al! knowable from coupling measure nents and from arruy scan
instructions. The mismatch generally has two distinct maxima near 98 = 30 i defined by
equation (1-13). For arrays having a slow decay of column coupling (a<< 1), the
magqitude of maximum mismatch is

ir(*escﬂ = le(Cl o %)l

Experiments show (Figures 4-8 and 5-1) that this critical mismatch can approach unity
(resulting in full reflection and no radiation) when the array is steered toward these
critical scan directions + 6_ . Minima are located at le ¥. The width of 2 minima
is obtained by equating real aml imaginary parts of Q or Q’ w, -y | =a. The width
across a radiation minimum (or mismatch spike) is

A
: a (¢]
lein Ogn™ sin 9”' = (—1;) (_d;_)
In Section II it will be seen that the array scanning mismatch determines the

e'ement power pattern, the antenna gain, and (in the case of a radar array) the target
illumination and echo intensity vs. scan. Equations {1-18) and (1-13) give the array scan
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This lacter directior corresponds to a ole in
phased array radar.

mismatch and critical scan direction Osc.
the elem :nt power pattern and poor transmission and reception in tre

A sample antenna element pattern is shown in Figure 5-1,

1.7 THEORY OF SURFACE WAVES ON A DIELECTRIC SLAB AND ITS ARRAY

APPLICATION
Next consider a specific slow wave structure consisting of a dielectric slab of

thickness "t over a perfectly conducting ground plane. (Exact analysis of this simple

surface wave geometry will “rcve effective in explaining the effects of complex radomes

on the scan performance of a real phased array.)

| ‘o :
t e
t " O 8 X

surface modes are possible on the simple, flat,

An infinite number of TE and TM
Each mode is an exact solution to Maxwell's

dielectric clad, metal sheet sketched above.
equations, fittingthe dielectric boundary conditions. Each has the formof & non-uniform

plane wave (equation 1-16) in the space outside the dielectric (z >t). Only the lcwest

TMo mode is above cutoff for all frequencies, all dielectric constants "e", and any

win above a metal slab. C. Walter4 gives the complete field ex-

dielectric thickness
pressions. Insertion of these into the wave equations yields a get of three simultaneous
transcendental equations, which can be reduced to the following implicit expression for

the tangential prcgagation constant: ¥
2,2 .2
ety + k)

wl wh e Y} aT (1-19)

where
n = modal index in TMn surface mode
y=a+if= tangential propagation constant of the surface wave

A jw/imy = w/B = surface wave velocity

R = (Co/v 8)2 = inverse square of the surface wave velocity.
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Determination of the tangential surface wave Propagation constant y is important
for two reasons:

1) The surface wave is completely defined (equations 1-15 and 1-18) once
y is determined.

2) The propagation constant y and the r2lated surface wave velocity v_ can

affect the performance of systems containing surface wave propagation
(e.g , the scan Coverage of a phased array).

v will be evaluzted for the llat, lossiess, dielectric sheet in the lowest (TMO) mode.
Inserting into equation 1-19 the following two expressions:

S TN P 2
n=Oandy®a-p’u (L) =k (;2) =-k' R
8 8
yields
tan{tko./e'-_nv} -e\ /RO-T (1-20)
,'TR;

Equation (1-20) is an implicit statement of the surface wave velocity (contained in R

)
v
in terms of slab dielectric constant e, and electrical thickness t/xo.

Figure 1-8 is a plot of the surface wave velocity (vs/co') as a function of dielectric
constant e, and slab thickness (t/x o). The abscissa is the dielectric thickness t divided
by the free space wavelength Ao. The ordinate is the normalized surface wave veloc ity
\f divided by ¢y Each curve represents a specified dielectric constant; e = 10 is typical
of dense ceramics, e = 4 is typical of plastics, e = 2 for teflon, and e = 1. 2 for some
dielecti'ic foams. It can be seen that the surface wave velocity decreases monotonically
with increases in either dielectric constant and/or electrical thickness. Each curve has
two asymptotes. These are

vs 2, t 2 e-1 2
for thin, light diclectrics = ] .2 (A—) (—)
o o

e
vs 1 1
for thick, dense slabs <2 S [l + —3 |-
0 t
32e(:-)
o
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Physical considerations require that equation {1-20) be real for all t =0, for all : = o,
and for all e =1. This leadn to the following bounds on the surface wave velocity:

v

Jé-s ’“—lv -c—: =1 (1-21)

The lower bound indicates that the surface wave velocity is always greater than the
velocity of a plane wave in the infinite dielectric. ' is approached for very thick dielectric
slabs. The upper bound requires that the surface wave always travel slower than light

in free space; this is approached for a very thin sheet of low dielectric constant.

An important application of surface wave theory is the determining of scan
limitations of phased arrays. Two phased arrays were analyzed. In both cases array
theory was corrotorated by the continuous surface wave analysis. The second application
included experimental verification.

The first application was an infinite, planar array of slot antennas covered by a
dielectric sheet. The active array adnittance determined (Appendix A) by Fourler
transform techniques had poles (Y act - %) at certain critical scan angles. The cor-
responding surface wave velocity on the array was computed. This value of velocity was
compared with the surface wave velocity on a smooth, dielectric clad metal sheet using
equat'on (1-20). The equations for the two surface wave velocities(for thearray and for the
smooth dielectric sheet on a continuous conductor? agreed perfectly, indicating that the
surface wave retardation caused by a dielectric cover over a slot array can be computed
from the theory of surface waves over a continuous surface,

A second application of surface wave theory is the estimeiing of the surface wave
retardation caused by hemispheric radomes over an array of coaxial horns. The coaxial
horn array (MAR I type) is described in Section III, The radomes are thin dielectric
hemispheres of dielectric constant e = 8, electrical thickness 'r/x = 0.018, and
radome height h/x = 0. 345.




This real array geometry (sketchad at left) {s too complex for exact aurface wave
solution. An electrostatic analog (suggested by R. Gordon, Sylvania Electric) of ihe
hemispheric radome consists of a uniform flat itelectric slab having tae true radome
height and an effective dielectric constant given by the formula

eVd+e A

- 0
es= —'VFV;— > 1.36
where

\Y d = Volume of the hemispheri: dielectric radome/unit area of array
Vo = volume of air/unit area and to a height '"h"* above the ground,

This analecg has an electrostatic capacitance per unit area approximating that of the real
bemispheric radomes for electric fields perpendicular to the ground plane in the analog
and parallel to the radome shell for the TM o mode on the array. (Electric fields

perpendicular to a thin radome T = 0, 018)«0 have negligible influence on surfyc2 wave
velocity). '

In this example, the flat sheet analog has e = 1. 36 and h/ko = 0.345. 'It supports

only one propagating mode (T™M o) with a velocity 7.5 per cent less than the velocity of
light.

The radiation nulls of the real array were measured before and after removal of .
the hemispheric radomes, The null shift Corresponds to a 7 per cent increase in surface
wave velocity, which agrees well with the 7.5 per cent veloclty change calculated from
the crude surface wave analog. (Array scan toverage increased 10° or more in all
directions after removing the radomes and rematching the array. )
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SECTION II

SCAN RELATIONSHIPS IN PLANAR PHASED ARRAYS

2.1 INTRODUCTION

Radiation performance of a planar array is a function of scan angle and usually
deteriorates sharply as the scan angle @ _ approaches 90°. The exact character of this
scan degradation depends on the design t;f the antenn: element and on array geometry, -
However, for any given array design there exist certain fixed relationships between the
scan variables, specifically:

1) radiation power density in a selected directio:g,
2) element ratiation pattern in the array, i
3) array efficiency,

4) active impedance mismatch, and

5) solid angle spanned by the radiation beam.
This ue"ctlon will derive equations relating these phased array scan variables.

The derivation is based on equating the power delivered by the feed lines to the
power radiated by the array. It is complica‘ed by the fact that different elements in the
array can have dilfering radiation and impedance characieristics because of antenna,
element nonuniformity, space taper, or edge effects. Effects of these array
inhomogeneities are included in the subsequent analysis.

A large, planar phased array together with its coordinate system was shown in
Figure 1-1. Electrical phase delays (for beam steering) were given in equations (1-2) and
(1-3). The following additional symbols will now be defined:

6,¢ = spherical radiation angles

(7 g ? s) = array steering direction

vm = incident transmission line voltage driving the mth antenna element

566-12 2-1




E_(6¢)= electric field radiated by the h.\:h ¢lement per unit incident line voltage;
" with the rest of the array elemeonts terminated in Z o
[

EE = field radiated by the fully excited array.

}'a = total power available from the full active array

P(esgbs) = power radiated by the fully excited array

- - _power radiated by the array
Na(6g8g) = array efficiency = power consumed by the array

Fm(G s¢ s)- active reflection coefficient at mt'h element, with array fully excited

Z S characteristic impedance of the transmission lines

NQ = characteristic ‘zapedance of free space = 377 ohms
2.2 POWER CONSERVATION

The total power available from a phased array is independent of scan
[Veal”

ml
2z°

Pa =),
m

The total power delivered depends on array scan direction, efficiency, and active mismatch

2
[ Vn| 2
Peysy) = 1,00,8,) T 55 - {1-1n0,01 } (2-1)
POgs,) <108 {1 - | Tlo,0) P} 33 v, (2-2
) om .

where a mean array reflection coefficient is here defined as

b)) 2 2
hval® * 12 ]

5 'VmT{' (2-3)
m

=3 2 _
[T6,9.)]%=

If the active reflection coefficient is the same throughout the array then that is also the

value of the mean reflection coefficient. Otherwige, it is the weighted average given in
equation (2-3).
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The net radisted field intensity iz the linear superpositics:. of contributions from
each antenna eiement in the array. The resulting summation is a function of the angular
location of the observer (9¢) and of the direction of array electrical scan (6 ,¢') . The
electric field radiated in the direction of scan (9 = 64 and ¢ = ¢') is:

E (e-e.) Y V_E (0.6)=E@oe)V|V | (2-4)
E¢-¢' m m mss s’s’ m
where the mean element pattern has been defined as

z
V_ E (6.0.)
m m m 8's
E(ti?,eb,)m Wle . (2-5)

If the element pattern is homogeneous throughout the array 8 then the mean and homo-
geneous element patterns are the same. Otherwise theo\xnean pattern is a weighted average
given in equation (2-5). For radiation in the direction of scan (9 = B 9 = ¢s), the
radiation retardation and the steering phase advance W i}re exact compliments for every
element in the array. These canceling phases are hence deleted from the drives 5

and the element responses E_(9_¢_) and E(o ¢ _) in equations (2-4) and (2-5).

Equation (2-4) shows that, in any scan direction, a phased array radiates a field
intensity proportional to the mean element pattern. (The factor { p> |Vm|} is a constant
for all scan directions.) ' -

Total far field power radiated by a phased array is the integral of the power density
over any sphere in the far field. The observer coordinates (9, ¢) are now treated as
integratiw, variables, and steering angles (p 0 ﬁ;) are held constant during integration.

2
E.(6,6_,9,9_) 2
Po 9= [ I£ 2%0 ) u:z%; I IEE(998¢¢S)|2dQ (2-6)

Next an effective solid angle szl surrounding each major radiation lobe in real
space is defined

. B, 00 00)|2an 11|55 (689 0)|%a0

1 |E£i(zz:)'r' IE 6o ® {i"'m_l}’ ,

(2-7)




Combining equations (2-6) and (2-7) ylelds an expression for net power radiated bg( the

array in terms of the effective solid angle surrounding each major beam \

2 2 ' - ~
R°IZ V|
P )=-~{"Z‘N-rﬂ z B0 % (2-8)
8'g ML i Ty

(o)

GL ‘
where T implies summation over the main lobe and the gratiig lobes. ,.
ML §
GL _
Equating the net radiated power (2-8) with the net power deliverad by the array (2-2) f
yields i
z|v_|2? !
z |E. o ),25 Do ym! B X0 (0.9 ) | T )[2 |
1t%%4 i 2" Mg Pgfg) 11 - | T s%
ML Z R z ,V , ¢
GL ° m! ™

. ? 'v’ .
The factor in square brackets is a t:onstant C2 for any target range and antenna
illumination taper. The scan dependence is

o EORPE, < e 000 {1 - B, }. 2-9)
GL i

K the phased array radiates only one major lobe in real space then the left hand
Summation reduces to a single term describing that steered lobe

(B @) *D(0,8,) = Cpn (6,9,) { - |F 0 0,012 } . (2-10)

2.3 ARRAY SCANNING VARIATIONS

1%1
and 6,9, -
POy [E6 002 "a(91¢1) 1 - |Te,0,)? {u 059,) _—
Bloggy) [EGy)|> "aCaly 1. [Fog91* o0
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Equation (2-11) shows that the target illmination and mean elemen: radiation pocwer
pattern are each proportional to the array efficiency (dissipative and reflective) and in-

versely proportional to the effective radiation solid angle $ .

The effective radiatiun solid & can be computed from the integral of the array
radiation pattern via definition (2-7). This spherical integral contains contributions from
the area of the main lobe plus contributions from thz sﬁrrounding sidelobes. R.S. Elliott21
provided equations fur estimating the main lobe bearwidth and its solid angle. However,
thinned ~rrays or arrays of ‘fchebyscheff design can radiate substantial power into side-
lobes and this contribution must be considered in (2-7). Sidelobes of the Tchebyscheff form
add an effective radiation solid angle which is approximately 1/4 of their normalized peak
power times the spherical angle occupied by these sidelobes.

If the w.de angle sidelobe power is negligible, and if the array is not steered close
to end fire, then equation (2-11) yields the following radar scan equation:

o)  [E00)]% n,00 1-|Tope)? coso,

P i X (2-12)

Beam field intensity and element power pattern are each proportional to the
dissipative and reflective efficiency of the array ¢!mes the cosine of the scan ang’e. Con-
stant array efficiency and match imply a cosine element power pattern, as was pointed out
in Reference 6.

The intensity of radiation from a phased array decreases with increasing scan angle
according to equation (2-12). The cosine § factor is weakest for scanning near "end-fire'.
A planar array having a 1° circular beam at broadside will have a 1° X 11° oval beam near
"end-fire", which in a radar will contribute a two-way echo degradation excee<’ g 20 db.
Further substantial losses can accrue from impedance mismatch?’ 8,15, 16, 1+ usually

worst when a major lobe approaches "end-fire'.

In summary, equations have been derived relating several critical phased array
performance figures: target illumination, antenna element pattern, array efficiency, im-
pedance mismatch, and effective radiation solid angle. Each depends on the electrical
scanning of the array (¢ s¢s)' Element radiation pattern in a passive array and active mis-
match in a phase steered array are seen to be equivalent epresentations of array scanning
performance. Results apply to any large, planar, phased array. Included is an upper
bound on wide angle performance of planar, phased array systems when perfectly matched
and lossless. v

2=5




SECTION m
ARRAY MEASUREMENT PROCEDURE

3.1 ANTENNA-ARRAY GEOMETRY

To check the theory discussed in the preceeding sections several arrays were
assembled «nd subjected to extensive electrical measurements. These antenna elements,
their modification, and the tests carried out will be described in the following sections.

Figure 1-5 shows the basic antenna element. This antenna an<, various modifications
of it was used in all the tests. It is a coaxial horn consisting of a pair of concentric
cylinders propagating the TE11 mode, as sketched in the top view of the antenna., This
mode is launched by a radial probe a quarter wavelength from the bottom of the coaxial
cavity. It travels up through a dielectric quarter-wave-plate, radiating circular polariza-
tlon. The reverse sense circular polarization couples to an orthogonal probe and resistive

load inside each antenna element. Linear polarization is obtained by removing the quarter-
wave-plates,

These coaxial horn antennas were assembled in several different planar arrays,
each having a uniform, hexagonal, interelement geometry and a rectangular periphery.
Figure 3-1isa photograph of an array containing 48 complete antenna elements plus 17
"dummijes". The dummies were internally matched (both ports); they lacked external
co.aections but were otherwise complete antennas. The dummies (from another applica-
tion) were located around the edge of the arrays to increase its effective size.

Each antenna element was inspected physically and electrically prior to use in the
array. Electrical inspection included measurement of the passive impedance match S”
and the radiation pattern (amplitude and phase) of each antenna element,

A conducting ground plane extended geveral inches beyond the array on all four sides.
The ends of the ground plane were rolled back to reduce the effects of edge current dis-

continuities on radiation pattern and active impedance. The entire array wae supported on
aturatable for measurement of radiation patterns.

A variety of antenna and array shapeswere constructed and measured {o determine
the effects of various array design variables on array scan performance. These variables
included

1) polarization (circular and linear)

2) radomes (on and off)
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3) grooves in ground plane between elements (present or absent)
4) scan plane (two, in the x-z and the y-z planes)

5) driving impedance (five)

When any cnange was made all elements were changed identically to preserve array
uniformity. After each array modification, radiation vatterns of the central element were
measured at several different microwave frequencies spaced uniformly over a 15% band.
All electrical tests were in the microwave "L" band, where the free space wavelength is
several inches.

3.2 FADIATION PATTERN MEASUREMENT PROCEDURE

All element radiation patterns were measured on a forty-foot outdcor antenna range
(Figure 3-2). A signal source and dipole feed illuminated a four foot paraboloidal trans-
mitter antenna. The electrical centei of this transmitter beam was pointed at the central
element {m } in the receiver array under test. Illumination was nearly uniform in
amplitudeandphaseacross the array. The array was mounted on an azimuth turntable
(Figure 3-1) with the aperture of the central element directly over the turntable axis of
rotation,

The fued dipole at the transmitter dish could be rotated to provide a rapid measure
of the polarization ellipse of the array under test. Stepping the dipecle orientation provided
any linear polariza.ion at the transmitter fz.cility without tilting the transmitted beam.
When the transmitter dipcle feed is horizontal, its radiated electric field is also horizontal
linear and in the pléne of scan of the array, When the transmitter dipole is vertical the
radiated electric field is vertical, and orthogonal to the plane of scan.

A hexagenal array (e.g., Figure 4-1) is a periodic structure. Its periodicity can
be used to reduce or to check electrical measurements. Physical congruence occurs for
every iotation about the normal, A¢ = 60°. Radiation pattern cuts were taken in the inter-
cardinal (¢ = 0 and 180°) and cardinal (¢ = 90° and 270") planes. Radiation cuts are in the
intercardinal plane when the airay is mounted as shown in Figure 3-1. Standing the array
on end (Figure 3-3) permits radiation measurements in the cardinal plane. Most radiation
patterns were measured in an intercardinal plane, where the large effective spacing between
elements limits array scan coverage.
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Figure 3-2. Antenna Test Range




Array Rotating in Cardinal Plane

Figure 3-3.
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The element radiation pattern is obtained by uniformly illuminating the array (by
an incident plane wave) and measuring the microwave signal rec.ived by the central (0, 0)
anteny as a function of turntable rotation. The turntable rotates at a very slow uniform
rate and the received power is recorded (logarithmically) as a function of turntable posi-
tion (in degrees). Subsequent radiation plots wiil show these two variables in cartesian
coordinates for variouvs array geometries.

By reciprocity, the receive pattern of the central element is identical to its transmit
Fattern in the same array environment. Thus, the four foot paraboloid and its rotatable
dipole feed can be thought of as measuring the linear electric field components radiated by
a single driven transmitter element a: the array center.

Only the radiation patterns of th» individually connected central array element were
measured. Section I showed that the mean element pattern contains complete informa-
tion regarding the array scan capabilities, including the transmitter array gain, target
{llumination intensity, receiver array receptivity (or effective height), and array mismatch
loss va. scan. Measurement of the normalized element radiation pattern at an angle 6
from broadside ylelds the normalized active array radiation (gain) when steered to this
same scan angle (¢ o 91)'

Scan performance of a phased array depends on the character of the beam forming
network interconnecting the antenna elements. Frequently, each antenna element connects
individually tc an amplifier or other isolating device, having uniform impedances Zg. This
phazed arrzy radiation performance is reproduced in the radiation pattern of the central
element when ail the neighbors are terminated ii the same Zg. In this study, Zg = 50 q,
except where stated otherwise,

3.3 MUTUAL COUPLING MEASUREMENT PROCEDURE

In a phased array every antenna element couples to every other element. Each
coupling coefficient is a complex quantity whose amplitude and phase depend on the inter-
element separation and direction, and on other antenna design factors. These coupling
coefficients and known antenna element excitations together completely determine the
antenna active impedance (equation 1-1) and the array scan capability.

The procedure used to measure the coupling coefficients is based on the scattering
matrix representat?on. The coupling coefficient Smn is defined as the ccomplex ratio of
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signal received at the (m, n)th element, to that delivered to the central (o, 0)th element,
=0
=0
terminated in 50 2 coaxial resistors. A matched receiver was then connected sequentially

A transmitter was connected to the central element {"l: and all neighbors were

to each of the neighboring antenna ports; the amplitude and phase of the signal received at
each port was recorded. These measurements give one row (or column) of coupling co-
efficients in the square, symmetric, non-unitary, scattering matrix. They are sufficient
to define the active impedance (vs. scan) of the central element in a large phased array.

In a smaller array, additional coupling measurements are useful to simulate big
array performance. The simulation is vLased on the invariance of the coupling coefficie .t
under simultaneous equal translation of both transmitter and receiver. This invariance is
a consequence of the periodic character of the large, uniformly spaced planar array. This
invariance was verified experimentally (within 1 db in amplitude and 0. 05 cycles in phase)
in our test array, even for the condition in which one antenna is only one row or column
away from the a'ray edge. Additional coupling measurements were made with the
generator conhected to other than the central (0, 0) antenna, and the receiver moved
sequentially to selected neighboring antennas. These measurements were used to construct
an array coupling model containing up to 78 effective antennz elements.

Separate measurements were made of the amplitude and phase of each coupling
coefficient. Coupling amplitude was measured with a calibrated attenuator, bolometer,
and a HP-415b amplifier-meter.

The phases of thé coupling coefficients were measured using the double probe phase
meter shown in the block diagram (Figure 3-4). A stable sine wave oscillator feeds two
microwave paths thru a power divider. The microwave path at the top and right of
Figure 3-4 contains the coupied elements in the antenna array to be measured. The
microwave path on the left side of the figure is the reference arm containing the precision
attenuator and phase shifter. The two microwave paths recombine in a slotted line.
Balance is indicated by the switched doubiz probe method.9
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SECTION IV
MUTUAL COUPLING DATA

The previo:s section described the antenna-s:ray geometry and the electrical
procedures used to evaluate its performance. Numerous physical changes were made in
the array and extensive radiation patterns were measured following each change. These
tests were aimed at determining those antenna-array design factors affecting array scan
performance. In addition, two sets of complex coupling coefficients were measured,
one set for the linearly polarized array and one set for the circularly polarized array.
The object of these coupling tests was to construct a mathematical model of the array
coupling mechanism and so to better understand the radar scan limitations growing out
of mutual coupling accumulation.

4.1 MEASURED COUPLING BETWEEN ELEMENTS

Figures 4-1 and 4-Z are maps showing the mutual coupling coefficients measured
inarrays of linearly and circularly polarized antenna elements respectively. The central
antenna element (":l:g) was driven and the coupled signal was measured at the termi-
nals of each remaining antenna. Circles in Figures 4-1 and 4-2 locate the antenna ele-
ments. Two entries appear in each circle; the upper entry represents the measured
coupling intensity in db, the lower entry the coupling phase delay in cycles. The coupled
intensity is normalized to the wave incident on the central element. Coupling phase delays
are all relative to the phase of coupling between antenna pair (':::g) and (‘2:;).

The decimal part of the phase was nieasured unambiguously. The integer part was
estimated based on a radial propagation slightly slowc . than light. Circularly polarized
elements have an additional phase delay10 equal to twice the angular coordinate ¢ between
the coupled elements. These two phase delays were added and the nearest integer was

recorded on the coupling coefficient maps.

Coupling between antenna pairs has a phase and amplitude each dependent on their
separation distance R and direction 6. Figures 4-3 and 4-4 are plots of coupling intensity
vs. distance for linearly and circularly polarized arrays respectively. Chart entries
appear at the discrete positions of the antenna center lines in the array. Lines connect
measured coupling between the central element and others along the principal diagonals
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of the array (¢ = :30° and +150°). Isclated points represent coupling to elements off the

prl{\_chpul diagonals. Coupling intensities in Figures 4-3 and 4-4 differ both in initial value
and in decay rate. Linearly polarized coupling is generally more intense than circularly
polarized coupling. Very little power is delivered to the orthogonal ports in a linearly
polarized array, whereas in the circularly polarized array appreciable power is coupled
into the reverse screw sense port. This orthogonal component of the mutual coupling is
dissipated within the antenna elements. It does not appear at the antenna terminals and is
not included in the coupling data presented here.

Figures 4-5 and 4-6 show the phase delay of the coupling vs. distance R and direc-
tion ¢. In the linearly polarized array (Figure 4-5), coupling phase delay is linearly
proportional to distance R and nearly independent of angles 4. In the circularly polarized
array (Figure 4-6), coupling delay is linearly proportional to distance R and has an addi-
tional delay 2¢. This latter dependence accounts for the vertical displacement of about
0. 338 cycles (120 2lectrical degrees) between the 3 diagonal lines connecting coupling
phase data in the 3 cardinal planes of the circularly polarized array (Figure 4-6).

The coupling phase delays (Figures 4-5 and 4-6) are linearly proportional to
distance. This is very important. It suggests a coupling emanating from the central ele-
ment and p1::.agating radially outward at a velocity slightly less than the velocity of light
in free space. The slopes of these curves suggest that the velocity of propagation is 0.90
co for bqth arrays.

-

4.2 COLUMN COUPLING COEFFICIENTS

Interelement coupling coefficients (obtuined from array measurements) were
summed along each column to obtain empirical column couplings as defined in equai‘on(1-8).
The results are plotted in thure;sl-& 1-4, 1-6 and 1-7. Figures 1-6 and 1-7 show the
intensity of the column coupling vs. column index |m) or distance, Imldx. For separations
Im!>1, the coupling wave appears to decay ~xponentially as suggested by the Zenneck
Surface wave theory. Thefit between empirical data and the exponential decayis crude andis
sensitive tosmall measurement errors. An exactknowledge of the coupling amplituces is not
vital to the determination of the array critical scandirections; the coupiing phase is the im-
portant parameter and for that a good mathematical model was developed inSectionI. The
analysis of coupling accumulation at the critical scan angles was based on stationary phase
concepts applied to the column coupliag contributions. The relative phases of the column
coupling coefficients are crucial.
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Figure 4-6. Phase of Coupling Between Circularly Polariz:d Coaxial Horns
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Figures 1-3 and 1-4 show the phase of the column coupling coefficients vs. the
distance between the coupled column and the reference element. Dots represent experi-
mgntal data, and the straight iine is a best fit to this data. Again, the phase linearity is
excellent, suggesting a uniform velocity, slow wave, coupling mechanism similar to the
Zenneck Surface Wave. Actual coupling velocity depends on array design. Empirical data
in Figures 1-8 and 1-4 suggest coupling velocities of 90 to 92” in these arrays, with a
probable accuracy of +17. The coupling velocity is nearly independent of antenna polariza-
tion and also seems to be nearly the same for element and column coupling. In the next
section it will be seen that the coupling velocity depends strongly on frequency, inter-
element spacing Ro, and on dielectrics.  This nearly uniform coupling phase velocity and
phase delay per column (El) were used, in equations 1-10 thru 1-13, to identify the
critical scan directions. Measured element radiation patterns show deep nulls in these
same critical scan directions, as will be seen in the next section.

The straight line variation of phase delay vs. distance between columns has a
direct impact on array scan performance, and on radar coverage, as a specific example.
To steer a phased array in the azimuth plane, all antennas in a column are driven in-phase
and consecutive columns have a 'uuiform phase progression. Thus, a piot of array steering
phase 3hifts vs. array column index would also be a straight line with a slope proportional
to the cosin;e of the steering angle (equation 1-3). When the array is steered so that the
steering phase advances match the column coupling delays, many coupling contributions
add in-phase to produce a large electrical reflection inside the {radar) system, and
relatively little transmission through the array face. This is the critical scan condition
analyzed in the first pa:t of this report.

4.3 ARRAY ACTIVE IMPEDANCE
i

Equation (1-4) showed that the active reflection coefficient (impedance mismatch)
of any element in a phased array can be detrrmined exactly from a knowledge of the array
stcering instructions (V p ) and mutual coupling coefticients (S n). For the uniform
planar array beling studied, the steering instructions are known from equation (1-3); the
mutual coupling coefficients were measured and reported in Figures 4-1 and 4-3, The
resultant array mismatch can be computed for any array scan angle. 7This was done in
the case of the linearly polarized array scanned in thf intercardinal (E) plane, (6 8=0).

866-12 ') 4-9




The 77 complex coupling coeificients in Figure 4-1 were summed according to equaticn(1-7).
The passive mismatch of the central element (8 ) is quite small and independent of
scan angle. It wus omitted from this sum.

Figure 4-7 is a Smith plot of the array impedance change with scan angle. Best
match occuu-around 40°; this is confirmed by the element radiation pattern which has
high corners near the same angle. Array mismatch is large and rapidly varying for scan
angles between 55° and 6%°. The correspoiding radiation pattern had minima at scan
angles slightly less than 65°. In Figure 4-7 the magnitude of the mismatch never exceeded
0.6, which appears to be a contequence of the finite array size. Larger arrays were
ccnsidered, and their scanning impedances were estimated by linear extrapolation of the
measured coupling data in Figures 1-3 and 1-6. Addition of four hypothetical columns on
the left and four on the right of the previous array ylelds a 126 element array with the
scanning mismatch shown i Figure 4-8. The active impecance of this array has been
normalized for best iinpedance match near broadside. The added columns contrlbute very
little to the active impedance of the array when scanned near broadside (|0 |<40°), since
their coupling contributions have diverse phase angles here. The added columns signifi-
cantly increase the array mismatch in the critical scan region (55° < |9 { =63°) where
all elements added to one side of the array couple in-phase. Maximum mismatch is 0.8
at a scan angle of about 60°. Further Increases in the hypothetical array size result in
further increases in the estimated active mismatch near the critical scan angle.

The maximum value of the active mismatch and the depth of the corresponding
radiation hole have not been determined. Measurements of the radiation patterns of a 361
element array of rectangular horns (Reference 11) and of an even larger array of coaxial
horns (Appendix C) both indicste that the loss at critical scan can exceed 15 decibels
(30 db in a *¥o-way radar).
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X SCAN ANGLE IN DEGR'EES‘FROM BROADSIDE

Figure 4-7. Scan Impedance, 78 Effective Array Elements
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X SCAN ANGLE IN DEGREES FROM BROADSIDE

Figure 4-8. Scan Impedance, 126 Effective Array Elements




SECTION V

MEASURED RADIATION PERFORMANCE

Many faciors in the design of a phased array antenna influence its scan coverage. A
planar arrayof uniformly spaced coaxial horn antennas (Fignre 3-1) was the test vehicle
used to evaluate the effects of some of these array design choices on scan coverage. The
variables included interelement spacing, element polarization, plane of scan, presence of
radomes, shape of the ground plane, generator impedance, and microwave frequency.
Each of these changes was made uniformly on every element in the array. Each physical
change was followed by measurement at several test frequencies of the radiation pattern
of the central antenna element in the homogeneous array of passively terminated neighbore.
Four representative radiation patterns are shown and explained. The scan coverage effects
of the various array modifications are summarized simply by stating (or plotting) the
presence and lecation of the critical scan angle in the intercardinal plane.

9.1 REPRESENTATIVE RADIATION PATTERNS

Figures 5-1 through 5-4 are radiation patterns of the coaxial horns under a single
test condition. The antennas were circularly polarized, with hemispheric radomes and
grooves in the ground plane between elements. Effective interelement spacing was
dx = 0, 506A°. Pattern cuts were in the intercardinal plane of the array. The central .
rlement was connected to a receiver and automatic recorder. All remaining antennas
were uniformly terminated in open circuits, short circuits, or 50 ohm resistors as
indicated. Each pattern is a cartesian plot of radiation intensity in decibels vs. radiation
angle in degrees from broadside. Three radiation patterns were measured in the inter-
cardinal plase. The first radiation pattern shows the element response to an electric
field in the plane of scan; the second shows the response to an electric field perpendicular
to the plane of scan; and the third shcws the array polarization ellipticity and net power
density vs. radiation direction.

Figure 5-1 shows the element radiation pattern for the electric field component in
the plane of scan (linear -horizontal polarization). Radiation intensity is nearly uniform
within an angle of +55° from broadside. (The small ripple is attributed to array edge

‘ effects.) Deep radiation holes appear around #65°. The a .tenna element had been

previously tested as a single element on a large ground plane. The isolated antenna
pattern showed good coverage with no radiation holes. When placed in an array of like

S66-12 | 5-1
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elements nulls 2ppeared, as shown here. These nulis are a consequence of coupling to
mnany neighboring elements and their re-radiation with a phase delay such as to nearly
cancel the direct radiation from the central (active) element, at the critical scan angie.
Equation (2-13) shows that a deep hole in the element pattern (of a single lobed array)
implies a large impedance mismatch (Ir}-1) in the active phased array steered to this
same angle. Equation (1-13) gives the slow wave coupling velocity (vs = 93%) cerrespond-
ing to this critical scan angle (esc = +65°) and electrical spacing (dx = 0. 508 o)‘ The
mutual coupling phase measurements (Figures 4-6 and 1-4) provide ar independent check
on the coupling velocity and also show Ve 0. 93c‘o . Note that the radiation pattern
(Figure 5-1) drops sharply at 55°, and has a radiation minimum at +65° , Whereas
equation (1-14) shows that the grating lobe peak remains outside real space until the array
is scanned to +78°. Real array coverage is about 23° less than that predicted by the
emergence of the grating lobe maximum into real space. Grating lobe suppression has
been the criterion commonly used to determine interelement spacing and array scan
Coverage. That criterion is inadequate for arrays which support slow wave coupling and
must be replaced by the formula for the critical scan angle of equation (1-13).

Figure 5-2 shows measured element radiation patterns with the electric field
component perpendicular to the plane of scan (vertical polarization). The coverage is
smooth and broad. No nulls occur within the forward half circle. The lack of nulls in
Figure §-2 can be explained in terms of the TMo surface wave mode. This is the lowest
order surface wave which can propagate over a metallic ground plane. This mode is
believed to be the coupling mechanism causing the nulls in Figure 5-1. This ideal mode
does not have an electric field component parallel to the ground plane (vertical polarization),
Consequently, the parasitic elements cannot re-radiate this destructive component and the
smooth ""free-space" element pattern is preserved as seen in Figure 5-2.

Figure 5-3 is the radiation pattern of the same circularly polarized coaxial horn,
using a facility with rotating linear polarization. The top and bottom curves are envelopes
of the polarization ellipse ; their vertical separation is the radiation ellipticity, The
central curve is a plot of the net radiation power density vs. angle. It is also the median
antenna response to a randomly oriented linear pol>.ization. This antenna element had
excellent internal circularity and good radiated tircularity except near the critical scan
region, where polarization became linear and perpendicular to the plare of scan. The
depolarizing mechanism is a surface wave external to the array, Consequently, any

S566-12




internal electronic techniques for polarization discrimination would be ineffective near the
critical scan directions of a phased array.

The three pres ious figures showed element radiation patterns measured in the
intercardinal plane of a hexagonal array of coaxial horns, Figure 5-4 shows the radiation
pattern of the same element, in the éame array, measured at the same frequency, but in
a cardinal plane. In this plane, there are no radiation nulls for either linear polarization
component, This is a consequence of the close effective antenna spacing in the cardinal
planes (dy = dx/ﬁ = 0,557 dx as seen in Figure 4-1),

Figure 5-5 is an orthographic projection of the hemisphere in front of a planar
phased array, It is a sketch showing the regions of large coupling accumulation and low

radiation efficiency (shaded area), and the region of strong array coverage (white interior).

The size and location of the region of poor radiation efficiency depend on the interelement
spacing, and coupling velocity, The parameters Ro = 0. 585)«0, dx =0, 506)«0, and

VB 0. 93co were used in Figure 5-5, These are the actual values from the previous
array radiation measurements. Figures 5-1, 5-2 and 5-3 vere antenna element radiation
cuts in the intercardinal plane ¢ = (lg:r). Figure 5-4 was a radiation cut in the cardinal
plane ¢ = (297%1) These radiation patterns are array performance ''cross-sections" in the
principal planes of Figure 5-5,

5.2 MEASURED RADIATION NULLS

Next consider the influence of frequency "f'" and electrical spacing between
elements (Ro/)«o) on measured array scan coverage. The physical character of the array
(Figure 3-1) remained unchanged; only the microwave frequency was changed, in six steps
across a 10% frequency band. After each frequency change, the element radiation pattern
was measured (in the intercardinal plane). These element radiation patterns resembled
the radiation plots given in the previous section (Figures 5-1, 5-2 and 5-3). The electric.
tield radiation component in the Plane of scan nearly vanished at a critical scan angle
which depended on frequency and electrical spacing betwee.l elements in the array. In
Figure 5-6 the zngle of these radiation nulls 95 b is plotted as a function of inter-element
spacing (dx/)\ o)' The vertical dashed lines represent the six discrete frequencies (and
electrical spacings) at which radiation patterns were measured. The points plotted as X
locate the nulls in the measured antenna element pattern.
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Equation (1-13) gave a functional relationship between the critical scan angle 0o
the array electrical spacing (dx/xo), and the coupling velocity v _. This relationship
yields the lower five curves in Figure 5-6. The upper curves show the location of the
real grating lobe vs. scan angle and array spacing. The defining equations are

A
|sin esl =(a§)— sin 6,
and
A ¢
|sin escl = (ai) -(é).

Hence, the similaritybetween the contours for constant coupling velocity and for constant

grating lobe angle.

Array mutual coupling coefficients were measured at several frequencies (the
same ones used in the above radiation pattern measurements). At each frequency the
coupling velocity and critical scan angle were computed using equations (1-10) and (1-13).
These critical scan angles (based on mutual coupling coefficient measurements) are plotted
as ""0" in Figure 5-6. We can comparc the minima in the measured radiation patterns
"X to the critical scan angles obtained from coupling measurements '"0"". In nearly every
case, the critical scan angle based on coupling data matched the first minimum in the
element radiation pattern. The scan coverage of this phased array is limited by slow

wave coupling accnmulation.

Next, the array of coaxial horns was converted from circular to linear polariza-
tion by removing the quarter-wave-plite from each antenna element (Figure 1-5). The
plane of linear polarization was made to coincide with the intercardinal plane of the
hexagonal array, and the element radiation patterns were measured in this same (hori-
zontal) plane. These are the conditions conducive to launching and propagating a surface

wave on the array face.

The linearly polarized array radiated practically no vertical (cross polarized)
energy at any angle in the intercardinal plane. (This is to be expected of a well constructed,
horizontally polarized antenna element in a homogeneous symmetric array). The linearly
polarized array radiates (or receives) horizontally polarized signals. Its element
radiation pattern closely resembles Figure 5-1 which showed the horizontal component
of radiation from the circularly polarized array.

566-12 5-10




Linearly polarized element radiation patterns were measured at eight frequencies
over a 17% band. Deep nulls were found only at the four higheet frequencies (four largest
values of dx/Ao). These measured nulls appear as "X" on Figure 5-7. No deep nulls were
found at the four lowest frequencies (vertical dashed lines). The null positions were
similar for linearly and circularly polarized arrays. The null depths varied considerably
with frequency and polarization. Usually, the circularlypolarized array had the sharper
and deeper nulls. This could be a consequence of the looser, slowly decaying terminal
coupling and consequent larger coupling area in the circularly polarized array,

In the previous arrays, each antenna element was covered with a hemispheric
radome (Figure 1-5). These radomes had a dielectric constant e = 6.0, a thickness
T/)\o =0.018, and a radius r/)\0 = 0.3. All radomes were removed to determine their
effect on array performance. A large element mismatch resulted (VSWR = 3). The
elements were rematched by identically reducing the diameter and length of the center
conductor in each antenna of the array. A passive (Soo) match of better than 2.0 VSWR
was achieved over the 17% frequency band. Figure 5-8 is a photo of %his array.

Element radiation patterns were measured in the intercardinal plane at eight
microwave frequencies, first with all radomes in place and next with all radomes removed
and the elements rematched. Figure 5-7 showed the critical scan angles measured in the
array with radomes in place; Figure 5-9 shows the critical scan angles in the element
radiation patterns measured at the same frequencies after removal of all radomes and
rematching of the elements. At the four lowest frequencies no radiation nulls appeared
either with or without radomes. At the fifth frequency (for which dx/)\o = 0. 519),
symmetric nulls appeared at +64° from broadside with radomes in place. At this frequency
the nulls dissappeared upon removal of the radomes. At the three highest frequencies
deep radiation holes were observed both with and without radomes. Removal of these
radomes caused the radiation nulls to move to wider angles, thus increasing the full angle
of strong array coverage by an amount from 12° to 50° depending on the frequency. The
angle of these radiation minima can be used to compute the coupling velocity in each array
at the three highest test frequencies. Radome removal caused an increase of nearly 7%
in this coupling velocity. The velocity increase was nearly the same for the three test
frequencies. Furthermore, this velocity change was in good agreement with the 7. 5%
change in surface wave velocity estimated theoretically in Section I,
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In each of the previous arraysthe antenna elerments were mounted on a metallic
ground plane which provided hexagonal grooves around each antenna element. These
grooves were a consequence of the antenna physical design and assembly technique. The
grooves were nearly uniform, with a depth 0. 1)« and a width 0.0i7Tx o' Their similarity
to microwave chokes suggested that {he grooves might influence the coupling velocity on
the array and thus its critical scan angle. To check this, all the choke grooves were
covered with metal foil, and radiation patterns were measured at several microwsave
frequencies before and after foil covering. The radiation holes did not significantly change
in location or depth, suggesting that these chokes had littie effect on coupling accumulation
and array scan coverage. (Experiments at Lincoln Laboratory and at Raytheon have shown
a strong influence of choke depth on the position of the radiation nulls measured in arrays
of small rectangular horns. Presumably the grooves used in our tests were too narrow
and tuo shallow to seriously impede the ground plane currents, and thus did not influence
the coupling velocity or radiation nulls. )

Figures 5-1 and 5-2 showed that element radiation patterns and array scan coverage
can depend on the array terminal impedance (generator impedance in a transmitting phased
array). The antenna elements periodically couple and load any wave traveling across the
array face. Changes in the impedance connected to the antema terininals could affect this
veriodic loading and influence the array coupling coefficients and the critical scan angles.
Four different types of reactive terminations were secured, plus 500 coaxial resistance,
The central antenna element was connected to a detector and recorder. All neighboring
elements were connected uniformly to the same type loads. The element radiatio~ patterns
were measured for these five distinct loads and at three different microwave frequencies.
Three of the reactive terminations gave element radiation patterns very similar to those
obtained with matched (500) loads. The fourth reactive termination yielded broad element
radiation patterns with considerable end-fire radiat.on. This broad coverage could be “\
very desirable in some radar applications. It was observed at all three test frequencies
using uniform terminations of two different physical designs and having similar electrical
lengths. The broad element pattern, resulting from this specific set of reactive termina-
tions, seems to be a true and accurate performance of the central element in this array.

However, strong end-fire radiation is not theoretically possible in a very large array

because of beam broadening with array scan toward end-fire (see equation 2-11), In
going to larger arrays, the normalized element radiation pattern near end-fire must
decrease to conserve available power. It is not known to what extent the generator im.
pedance ould be used to effectively control scan coverage in large, real, phased array
systems.
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SECTION VI

ARRAY COMPARISON

Several different antenna-array types have been critically analyzed or measured at
Sylvania and at other organizations. Published data were examined and, where war-
ranted, meetings were arranged with the principal investigators. These meetings are
listed under VISITS and VICITORS.

Reported performance of these arrays will ve reviewed here. The arrays
critically evaluated include

1) Coaxial horns (Figure 1-5) measured under this and a related contract
(Appendix C).

2) Flush coaxial horns developed oy Sylvania Electronic Systems as a
proprietary item.

3) Rectangular o%en end wavigulde measured and analyzed at Bell Telephone
Laboratories. 11,12, 13,1

4) Infinitely long, narrow slits in a :aetal ground plane, analyzed in Appen-
dix A,
N
5) Dipoles parallel to a conducting ground plane analyzed in Appendix B and
References 15, 16, and 17.
Performance of these arrays can be classified according to whether or not they
have 2 scanning blindness resulting from a large coupling accumulation and the emergence

of 2 real grating lobe.

Analysis of arrays of dipoles parallel to a flat conducting sheet shows no radiation
holes attributable to either slow wave coupling accumulation or end-fire grating lobe
radiation. The element radiation patterns decreases smoothly and the magnitude of the
mismatch grows smoothly with increzsing scan angle, corresponding to the approach and
entrance of a grating lobe into real space. This comparatively smooth scan performance
of the dipole array is related to the radiation pattern of an isolated dipole over an infinite
metal sheet. The dipole and its effective image do not radiate along the ground plane/. A
large dipole array does not radiate strongly near the ground plane and couplings do not

accumulate to a maximum corresponding to a slow wave across the array face. These are
the two potential causes of radiation minima in phased arrays. They are suppressed in an
array of dipoles parallel to a corducting ground plane.




Measurement of Element radiation patterns in'an array of 91 flush coaxial horns
also revealed no nulls either at or preceding the emergence of a real grating lobe. Mosre
extensive data on this element is needed. All of the remaining arrays evidence holes ii:
their scan coverage (similar to Figure 5-1) at or preceeding the emergence of a real
gratiag lobe. Array size has some influence on the scan angle at which the radiation
minima occur. Arrays of several dozen elements have radiation minima at scan angles
a few degrees nearer broadside thanthose found in very large arrays of similar design.
Antenna-array design details also influence the coupling velocity and thus the angle of
radiation minima. Certain radome and choke geometries retard the coupling wave and

reduce array scan coverage,

T
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APPENDIX A

THE INPUT ADMITTANCE TO A SLOTTED ARRAY
WITH OR WITHOUT A DIELECTRIC SFEET

L.1. Parad

l The performance of a phased array is dependent upon the active driving point
admittance of the array element as a function of scan. In fact, the scan limits of the
array are set by the element mismatch rather than the grating lobe formatfon (in some

' cases, the large element mismatch is coincident with the appearance of the grating loke),
A number of papers have been written on the subject of the element match. One method-

. (1), (2, gives a physical nsight to the problem but gives qualitative rather than quanti-
tative results. Another approach(s) which yields quantitative results, does not give physical
tnsight to the problem and is very complicated. The interpretatior given ir reference (4)

E of Stark' 9(5) derivaiion is useful because it gives one an understanding as to why the input
admittance i{s expressed as a series. However, the interpretation is not valid when a

' dielectric sheet covers the array. In this paper, a transmission line approach will be
used to solve the problem. Because of the simplicity of this approach, it can be applied to

e more complicated problems, such as an array covered by several layers of dielectric

ﬂ sheets. In order to emphasize the app.-oach rather than the sulution to a varticular pro-

blem, atwo dimensional problem will be solved.

$

The geometry of the problem is shown in Figure A-1. Thearray, which consists
of a large number of slots, lies in the XY plane. Each slot is infinite in the " Y

direction and has a uniform electric field ""E"", independent of "Y" in the "X direction.

The entire array is covered by a dielectric sheet of thickness "t" and relative permitivity
"e r"‘ The array of slotr is fed with a progressive phase shift v od so that the main beam
is steered in the direction

sing, = L (1)

where

2
Yo X sin 00

and “5 he propagation constant in the "X direction

0 > is the direction of the peak of the main beam.

£66-12
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The input admittance of one slot as a function of steering angle will be solved by the

following method.
(8) Express the fieldat Z = 0 as; the sum of an infinite number of plane waves.

(b) Determine the input admittance at Z = 0 for a plane wave.

(c) Compute the total input power at Z = Oforan aperturehaving a length 0" in the
sy direction and a width "d" in the "X" direc.ion.

{d) Express the input admittance in terms of the input power and voltage.

To express the aperture field as a sum of plane waves, we take the Feurier
tranegforin of the aperture distribution:
aE sin av/2 sin (2N + 1)(v - vo) d/2

e VR x =
éx(v) I w Ex (x, 0)e’ "dx av/2 : sin (v - vg)d/2 W

‘where N - »and nyr is the propagation constant in the "X direction. Taking the inverse
transorm to obtain Ex(x, o) results in

dv (3)

~ 1 ; aE sinav/2 sin (2N + (- V42 _jux
Ex(x,O) = 'zrf-oe av/2 ) : sin (Vv -v,)d/2 ©

In evaluating equation (3), it is important to observe that the integrand is zero except
in the vicipity of v=v  + ‘2nr /d where sin -g- (v- vo)z -g- (v- vo). Thus equation (3)
may be rewritten 28

o |snF (v, +2mm/d)

E (x,0) = g_ . e iV, + 20 /d)x
n S0 -§— (V°+ 2m/d)
V-(vy + 200/d-)gin (2N 4 1)(v -V )0/2 “)
v-(v, + 2mr/d+)— v - vo)d/z =i
- sin% (vg + 2 /d)
Ex(x’ 0 = }dﬁ_ Z e-i(v°+2m/d)x (5)

2
n=-e (v + 20 /d)

Since none of the derivation thus far is dependent upon the dielectric slab being
present, let us momerdarily assume the dielectric slab is not there., Then the input

admittance to a plane wave is




(6)

where n = o/pi/e = 317 for free space and 9 is the angl
YZ plane. The input power to the structure for a length

width "d" in the "X" direction is

g in the "Y" direction and

g h8Z_
P= | E_E _dxd 7
7{) a2 X'y y (7

\

Equations (5) and (6) can be inserted into equation (N

9 2 . ©  gind (v, +2m/d
L TLE gz |7 g o220/ o~V g+ 20 /d)x
= '—_'2_ N=«00
0d® -d/2 2 g+ 2m/d)
% sin 3 (v +2mn/d
Y Y i )e-j(vo+ 2mr /d)x . (8)
x

a
3ot 2rarr/d)
Note that for m # n, the integral is zero. Hence, the power supplied by a length ' ¢"

of one slot is
2

sin% vy + 2ny /d)

2 2 =
_aplEl *
p_T_ LYl - (9)
N=-00 3 v, + 2nr/d)

where Y;‘n is determined from equation (6) using

1
= input wave admittance at z = 0 (10)

Yin = inp
nJ1-(vg + 200 /d) /k (without dielectric)

e the incident wave makes with the




The power into the slo. in terms of the slot admittance is

P= évx* s % (Ea)(Es) *Y* (11)

Combining equations (9) and (11), the slot input admittance is
" -o sin2 (v + 2m/d) | 2
vy-2P¢ _L % y 2
2 2 d in
a”lE| N=-c

(12)

-% (v, + 2nw/d)
L

where Y, is given by equation (10) and is the ratio of H/Ex in the plane Z = 0 for the
nth plane wave as given by equation (5).

Consider the situation where the array of slots is covered by a dielectric layer.
In this case, the input admittance to the slot is still given by equation (12) except that
Yln must be computed from the formula(s)

Yon *+ 1 Yop tan At H

Y, =Y 4 = input admitta
in = Yon nput admittance, seen thru dielectric
Yo+ Ymtan Byt Ex | z=0 (13)
where
H i rfo 1
Yon = y m = characteristic wave admittance, in dielectric,
Ey cos O4n referred to Z direction.
i AL
Y =/ — = characteristic wave admittance, in air,

m -
Eq H cos 6, referred to Z direction

2 Z
2ny .
B, =k /T .coss =fk - (v+=3) =wave number, in Z direction, in
2 T " r . dielectric. ’

1 ang 2

9 (VO * T)
erk

cos9m= 1-

_ 1 2nr
o8 0, -/-k—z— vo+ =)




fs..

oinis theangle which the incident wave makes with the YZ plane
omis the angle which the transmitted wave makes with the YZ plane \

Hyi and Exi are the incident wave fields in the dielectric

Hyt ana Ext are the transmitted wave fields in space

Some consequences of equation (12) will now be discussed. The irput admittance
has a pole when Yin has a pole. From equation (13), these poles can occur only when 64
is an imaginary angle (nc radiation). It hae been shown W) that these poles correspond to
the excitation of surface wave modes. An estimate of the propagation constant ''v"' which
gives rise to the admittunce pole can easily be obtained from equation (7) for a thin
dielectric layer by assuming that

tan gt = gt (14)

the condition for the admittance pole is obtained from equation (13) as

1-Y -k - Y ) (15)
e
2 2 1 1 2
€ (e € -
ve o r _/ 2.2 “r 22, r

Note that for kt <0.1, the propagation constant which caused the admittance pole is
essentially equai to thi: free space propagation constas. ‘ndependent of the dielectric
constant. The thickness of the dielectric, not the dielzctric constant, is the important
factor in determining the surface wave velocity.

A few commerts on the validity of thie approach are appropriate. There were "ww
assumptions made to derive equation (9). One assumption was that the array was infinite
and the cther that the electric field across the slot is uniform. The infinite array
assvmption is reasonable for many of the large phased arrays being built or planned. The
asar iption of a uniform field across the slots, aithough accurate only for narrow slots,
d6es not affect the position of the input admittance pole as can be seen from equation (9).
The aperture field disiribution can affect the admittance pole by eliminating it, which

occurs when the transform of the aperture field has a zero at the angle for which Yin
has a pole,
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In summary the input admittance as a function of scan angle has been ietermined
for a planar array scanned in the "E" plane. It is shown that an admittance pole occurs
at a scan angle ‘shich corresponds to surface wave propagation along the structure. Since
the surface wave propagatjon constant is greater than that of free space, the admittance
pole occurs at scan angles prior to the emergence of the grating lobe. Thus, the scan
limits of a phased array are specified by the admittance poles which occur in the same
planes of scan as the grating lobes, but at smaller scan angl:s. The total input admittance
is obtained from the summation of an infinite numbe: of term.s. However, for slots about
a quarter wavelength wide, equation (12) shows that the summation converges rapidly and
several terms are adequate for most engineering applications.
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APPENDIX B

i

i

DIPOLES IN PHASED ARRAYS ’
L. Parad !
i

§

B.1 INTRODUCTION

_ Since the dipole is the best known antenna element, a great deal of work has been
done to evaluate its performance in a phased array. Asis usual, new work in the field La
has supplante?! the older work in most instances. For this reason, only the work of Stark(l) ;
and that of the Lincoln Laboratory group(z)(a) need be considered. Using the recent work
in thé field, this section will evaluate the electrical performance of a dipole above a ground i
plane. The array of dipoles in free space will not be considered since it is the equivalent

R

.
R T

of a slotted array.

Sy

—
RIS

The most important electrical characteristics of a phased array antenna eleaent
are its pattern in the array and its active driving point impedance. These characicristics
will be studied for both infinite and finite sized arrays.

. G . T

B.2 INFINITE DIPOLE ARRAY
B.2.1 Input Impedance as a Function of Scan Angle M

The /drlving point impedance of one dipole in an irfinite dipole ¢ rray has been in- :
vestigated by Starkgl) The array geometry without a ground plane is shown in Figure B-1.

The following assumptions are made in the analysis:

1) The dipoles are thin metal strips '"L" long and "'8" wide.

2) The current distribution on the individual dipole is sinusoidal
(with peak current at the dipole center).

3) The dipoles are driven with equal amplitudes and phased to produce
a planar wave front. )

= The method of solution is to express the current distribution in the XY plane as a

double Fourier Series of plane waves. For exemple, if the current distribution were in-
depencent of Y and consisted of an infinite number of pulses aiong the X axis, the series
of pulses may be represented by a single Fou~ier Series, with each component havirg a

specific amplitude and wavelength along the X axis. Fach Fourier Series component is a
plane wave having no Y variation and whnse wavelength in the X direction determines the

T PR gy
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angle between its direction of propagation and the X sxis. Similarly, a current distribution
having variations in both the X and Y directions can be represented by a double Fourier
Series. In this instance, each term of the series will-have a specified wavelength along

both the X and Y axis which epecifies the propagation direction of the jlane wave. Once
the set of plane waves which, when summed, represents the current distribution is found,

the electric and magnetic fields at a single dipole surface is known. The complex power
radiated from tiie dipole is

1 *
P complex = 3 f[dipole ExH - b ()

Equating the power radiated by a dipole to the input power, the gupole input impedance is
obtained as

2 = —l-l'z—l'ffE)(H* ds (2)

where 1 5 is the current at the point at which the impedance is being measured. iInstead of
using only the fieids procuced by the dipoles shown in Figure B-1, the effect of the ground
plane is accounted for by subtracting another identical set of fields displaced by twice the
ground plan: spacing. The resulting expression for the input impedance appears very
complicated, but can be interpreted. The driving point impedance for a dipole in an array
of dipoles a distance S above a ground plane is

% (-) [ sin(-— cos 9 ) cos(l;t-li cos eys)z
= 2- 1—- cos _ ) (ZL
- Tcos Gys)
.2

sin"9 -j2kS cos 6 2 %
. y_s[l_e z] _2(1) Lf Z D

2

c
o8 9ZB m==00 n...-oo

sin[—q-( cos 9 +m}] cos F-(b cos 6 +n)] E
)
ﬂ: xcose +m) 1 -[%(gcos Oys+n)r

1 - (cos 9 gth b')] [ jﬂymns] .

.

-

X = — 7%

T I A S N v - P— .

T T S

e

o wr - e

RS TN
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where the term m = 0, n = 0 is excluded from the dcable summation

L, a, b, and § are defined in Figure B-1
VE = 377 ohms

A is the free space wavelength

are the angles measured between the main beam direction

]
= and the X, Y, and Z axis respectively

xs’ 6”, and 9

&

A
8 is the distance between the plane of the dipole array and the ground plane

2 . m 27
ymnsk l-[(cosexs+mTl) +(coseys+-b-)]

and is the propagation constant of the m, nth plane wave in the Z direction, It is positive
real or negative imaginary.

To better understand equation (3), consider an array of N dipoles driver hy current
sources and phased to produce « beam in the direction 9z = 0. The power radiated by the

array of dipoles is

_N,.* N .2
Pradlatea =3 V1 =7 It Izinput' (4)

Using equation (3), the power in the main beam (all terms under Z Zcorrespond to grating
lobes) is

2
2 L
ponit Ly /T

abry

If the array is steered to the direction ex’ Oy, the main beam is broadened by

2 2
l/cosoz- 1/ ,/[l - cos Gx-cos ey

and its peak power density varies with the element power pattern. Fxamining the first
term of equation (3), the beam broadening factor is present so that the rest of the factors
must be the element power pattern which happens to be complex. The real part of the

S66-12 B-4
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element power pattern is easily shown to be proportional to the power pattern of a dipole
with the assumed current distribution above an infinite ground plane.

Using the concept of a complex power pattern yields an understanding of equation (3). i
The first term is the element power pattern evaluated at the main beam peak (. e., cos 6 i
and cos ey have replaced the general values cos 6 and cos 6 ) times the main lobe wldth 5
Similarly, each term under the double suramation represents the power in a grating lobe. q
The power in the grating lobe is obtained as the element power pattern evaluated at the !
grating lobe peak times the beam broadening factor. Since the elements are located on a
rectangular grid, grating lobes are formed as the angles

- .
file

&

A 3
cosex-cosexs+5m §
£

N i

cos ey = co8 eys +gn (6) Ji

Note that equatior: (3) converges fairly rapidly if a reasonable dipole (L = 0. 52,
6 =0.11)is assumed. For these dimensions terms for |n|> 3 or Im| > 15 are negligible
anf a useful formula for the dipole driving point impedance in a large array is available.

B. 2.2 The Relationship Between Element Pattern, Array Patterns, and Element Driving
Point Impecdance

This section will first discuss concepts necessary to understand the operation of a
prased array element. It will then discuss the specific case of a dipole above a ground
plane phased array element. The following two definitions are needed:

1) Source pattern: 8(9,¢): The pattern measured in the array with
one element driven and all others match terminated.

2) Element pattern: E{(0,¢): The pattern of the isolated element and
ground plane.

A

The array pattern may be expressed in many ways. One common method is with
the source pattern as snown below:

j(2m/x) (md_sin 0 cos ¢ + nd_s_.. ¢ sin ¢) .
A,9)=8(,0) L LV, e ¥ Y (7 ;

where S(6,¢) 18 the source pattern, Vinp 18 the source excitation voltage, d and d_are ' E

element spacings in the X and Y directions, and 8 and ¢ are the usual spherical coordinates.
The double sum term is periodic.
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H a grating iobe resulting from this periodicity is allowed in real space, it will be
suppressed only by the source function 8(9, ¢). 8(6, ¢) is the result of the direct radiation
of the excited element and the fields radiated by the parasitically excited elements. As-
suming that the scattored radiation pattern is identical to the element pattern, the source
pattern is

J(2r/2)(md_sin 6 cos ¢ + nd_sin 6 sin ¢)
8(6,9) = E(6,9) }, 1 C_ e X e (8)

where E(9,¢) is the element pattern and Cmn describes the fleld coupled to the mnth ele-
ment. Note thatthe ) )’ of equation (8) is periodic with the same period as the array
factor. Hence, if E(9, ¢) is broad, 8(6, ¢) is approximately periodic also.

Aperture type elements have broad element patterns which fall to zero along the
ground plane in the "H'' plane, but not in the "E" plane. Thus 8(6, ¢), which is approxi-
mately periodic in the "E" plane with the same periodicity as the array factor, will have
the same gain in the grating lote direction as in the main beam direction. If the element
spacing is large enough to allow the grating lobe into real space, a sidelobe comparable to
the main beam peak will occur. Hence, if array patterns with low 'sidelobes are to be
achieved, the elements must be spaced to keep the entire grating lobe out of real space.

A dipole element has a ralatively narrow pattern which goes to zero along the
ground plane. Hence, S(¢,¢) cannot be considered periodic. However, it is desirable to
determine S(6, ¢) because it describes the array gain variation with scan angle as shown
by equation (8). To determine the source pattern of a dipole, the array pattern is written
in terms of the dipole current and element pattern.

j(27/7)(md_sin 6 cos ¢ + nd_sin 6 sin ¢)
A(6,9) =E(5,9) 2 N1 e * 2 9

where Im - is the current on the mnth element and E(9, ¢) is the pattern of a dipole above
a ground plane. The ratio of currents Imn/l - is also the ratio of the driving voltages.
However, the magnitude of Im . is dependent upon the steering angle as shown by
\'
Ton = Gt m;e, ) (10)
where ZG is the generator impedance and ZD(G, ¢) is the driving point_impedance when the
beam is steered to 6, 9. Thus, when a linearly polarized array of dipoles is steered, the
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peak of the radiated field does not vary with the steering angle as the factor of the isolated
element, F(0,¢). Instead, it varies with the element factor times the variable ratio of the
current at the angle 6, ¢ to the current at the angle 6 =0 = ¢. Thus, from equations (8),
(9), and (10) the source pattern of a dipole in an array is

Z.+272.(0,0) _
(6, 6)=E)0, 9) g3 = E6, 9) 7T B9 e (11)

when the generator is matched to tae transmission line, Thus, the source pattern, which
describes the variation in the peak gain of a phased array as a function of scan angle, has
been determined as a function of the element factor and the driving point impedance. Since
the element factor of a dipole is well krown, the major effort in the dipole investigation has
been to determine the driving point impedance.

B.3 FINITE SIZED DIPCLE ARRAYS

Most of the large phased arrays being constructed are large enough to allow most
of the central elements to be considerad as an element in an infinite array. In the design
of the array element and its !nitial testing, a reasonably sized array must be chosen to
simulate the infinite array environment. For dipole arrays, the input impedance vs. scan
angle for different sized arrays can be computed for thin dipoles. From these compntations
the array size nzeded for developing the dipole can be determined. However, before
relying upon an approximate theory, it is necessary that experimental tests confirm the
theory.

B. 3.1 Experiment and Theory

To close the gap between theory and experiment, a small phased array of dipoles
was tested by Lincoln Laboratorygs) Two dif/erent arrays were tested, an 8 X 8 array and
a 7 X Tarray, each with a perimeter of dummy elemenrts. The dipoles were 3/8\ long,
had a length to diameter ratio of 13.6, and were fed by a split-tube balun. Thus, the
dipoles used in the experiment were a poor approximation of the thin dipoles usually
assumed in the theoretical computation of mutual impedance between dipoles. Each array
was steered in the E plane, H plane, and 45° plane, and the input impedance of a central
clement measured. Next, the input impedance was computed assuming thin 3/8x long
elements and neglecting the presence of baluns. Good correlaiion between computed and
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measured data was obtained for all scan angles. In all cases, the deviation in the magnitude
of the reflection coefficient was within 26%, while the phase devistion was less than 24
degrees. Fcr most scan angles the correlation was much better. Because of the correla-
tion between experimental and theoretical data, theory will be used to estimate the per-
formance of dipoles in large phased arrays.

B. 3.2 Linearly Polarized Dipoles on a Square Grid

Linearly polarized dipoles have been investigated in detail;(z) The active input
impedance to half-wave and short dipoles has been determined as a function of element
spacing (spacings considered are 0.5, 0.6), 0. ™, and 0. 8)) and element height above
the ground plane (data with heights of 0. 25), 0. 125\, and data with no ground plane are
available in referenced work). A typical set of data is shown in Figures B-2 and B-3.

This data is similar to that of the Lincoin Laboratory except that the generator output
impedance is the complex conjugate of the input impedance to a single dipole above a ground
piane (the previous data has the generator output impedance equal to the complex conjugate
of the active driving point impedance at broadside). Note that matching the isolated ele-
ment produces better than a 2. 3: 1 match for the array element for all scan angles within
an83° included angle cone. Hence, if it is desired to minimize the worst VSWR, the
isolated element may be matched as a first cut. A better match would be obtained if the
real part of the generator impedance were 100 ohms instead of 85. 86 ohms. The E and H
plane source patterns are shown in Figure B-3. They are obtained using equation (11) and
Figure B-2. Note that the source pattern is dependent upon the generator impedance and
that the E and H plane beamwidths would be more nearly equal if the real part of the genera-
tor impedance were made 100 ohms.

B. 3.3 Crossed Dipoles on a Triangular Grid

Dipoles on square grid arrays have been discussed. However, the scan require-
ments of many arrays can be met with fewer elements spaced on a triangular gridg‘l)
Since there is no published data on this subject;k the problem was investigated. Two con-
figurations were studied. The first is shown in Figure B-4. It consists of 0. 4\ crossed

*Bliss Diamond of Lincoln Laboratory has indicated that he has data on infinite arrays of
crossed dipcles on a triangular grid. This work is not presently available for dissemi-
nation.
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dipoles spaced 0. 6) apart on an equilateral triangular grid 0. 25\ above a ground plane.
The 0. 4\ dipole length was chosen as a realistic dipole length. The second consists of
0.2\ crossed dipoles spaced 0. 3) apart on an equilateral triangular grid 0. 25\ above a
ground plane. This configuration was chosen to determine the coupling effects for close
spacings. The results are presented at the end of this section. A number of assumptions
were made in the analysis. They consist of the following:

1) The dipoles ave thin,

2) All Y oriented dipoles (he' 2by called Y dipoles) nave the same input
impedance.

3) All X dipoles have the same input impedance.
.4) All dipoles are excited with equal amplitude incident waves.

5) The phases f the incident waves are chosen to form a ramp phase
front at the aperture.

8) The elements are excited by realistic (not current) sources.

The active driving point impedance of the dipole is required. To determine this

ir.pedance it is first necessary to compute che mutual impedance between dipoles. Since
crossed dipoles above a ground plane are to be examined, the mutual impedance between
elements which are parallel or perpendicular and which do or do not lie in the same plane
rnust be obtained. Because of the general nature of this problem, the integral method of
Baker and LaGrone(s) is used. With this data, the input impedance to the central Y dipole
can be computed as

I
uy =Z.. -7 image+ ) ) (Z - Z nnage)Yr—m“
) 'in 11 11 y dipoles y mn y mn 11

I
+Y Y (2 _ - 7 image) X0 ' (12)
X dipoles X mn X mn I11

where Z Y. excludes the m = 1 = n term, yzmn is the mutual impedance between the mn'™

Y dipole and the central Y dipole, men is the mutual impedance between the mnth X dipole

and the central Y dipofe, Z11 isthe self impedance of the dipole, I11 is the current 01 the
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central y dipole, and xImn and yImn are the currents on the Xand Y mnth dipoles. A
similar expression may be written for the central X dipole. By using agsumptions
2 through 5, equation (12) may be rewritten as

I 1+T
- x —
yzin - Zy+rzc - ZoTTll . (13)
y y
I 1+T
= - X /
Zin ‘lf Zo+ 2y =2 T—p- - {14)

where Z0 is the charzcteristic impedance of the feed cable, I"x and I‘y are the reflection
coefficients of the X and Y dipoles and

Z Z j -il sin e(dxcos ¢+dysin )
2 =2.,-2Z, image + (Z - Z_ _image)e
y 11 11 v dipoles Y MRy mn
(15)
2r
- j ~ sin o(dxcos o+ dyain ) -
zZ,= % (Zmn - xZmpimagele . (16)

x dipoles

Zy and Zc and Zx as obtained from the computer are given in Tables B-1 and B-2,

In the principal planes, xZ in and 'IZ in 2T given directly by the values of Zx and
Zy in Tables B-1 and B-2, In the planes ¢ = 30° and ¢ = 60°, the ratio of I xﬂy must be
known before the total input impedances to the X and Y dipoles are obtained. Thus, the
relative phase and amplitude of the waves incident upon the X and Y dipoles must first
be decided upon. Next, equations (13) and (14) are solved for I xﬂy and the same equations
are then used to determine xZ T and yZ in’ To solve for the driving point impedances,
let the crossed dipoles be fed by a quadrature hybrid with the wave incident upon the X
dipole leading that in the Y dipole by 90°. The results of these computations are shown
in Figures B-5, B-6, B-7, and B-8. In all cases, the Smith Charts have been plotted by
adding + j115 to the computed impedancz and dividing by 45. 3 (the self impedance of the
ldipole' is 42-j113). From these figures, it can be seen that matching the isolated dipoles
would provide an excellent first cut try to matching the array element.
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TABLE B-1
CONTRIBUTIONS TO IMPEDANCE Z, at F,
zc;¢s= Oor
by Zyitg =0 |20, =30 zy;¢s=60° zy;¢5=9o- 9g =90 Z;0,=30|Z ;0 =60
0 56.8-j152 | 56.8-j152 | 56.8-j152 | 56.8-j152 0 0 0
10 60.5-j151 | 60.4-j151 | 58.1-j150 | 55.7-j150 0 0. 8-j. 2 0.9-j. 3
20 59.9-j146 | 58.0-j144 | 55.2-j142 | 52, 3-j144 0 3,2-4. 3 3, 0-j. 6
30 66.3-j137 |€9.4-j135 | 49.9-j134 | 44.8-j134 0 8. 7-4. 2 6.7-j1.6
40 64.6-j124 |57.8-j120 | 40.9-j120 | 33.8-j121 0 11.44+§3.5 | 11.5+j.2
50 67.4-j108 | 53.0-j105 | 32.7-j109 | 22,7-j115 0 14.7+j7.6 | 15.2+j1.0
60 58.5-j84.8 {46.8-72.4 | 23.6-j103 | 11.6-j111 0 17.8+j21.4 | 17. 5+§7.0
70 38.0-j72.0 | 43.9-j51.4 | 11.4-}99 8. 6-j109 0 20. 5+§31. 6 | 12. 6+j13.4
TABLE B-2
CONTRIBUTIONS TO IMPEDANCE _Z,_ ut F_
O Zx;¢8=0° Zyitg = 30°[ Zy;i0g = 60°| Z,i9g = 5l
0 | 58.8-j149 | 58.8-j149 | 58.8-j149 | 58.8-j149
10 | 56.7-j147 | 57.8-j149 | 58.6-j151 | 58.8-j151
20 | 5.13-j142 | 55.7-j144 | 58.8-j141 | 62, 3-j142
30 | 44.6-j135 | 48.9-j135 | 60.7-j136 | 64.4-j133
40 | 35.5-j125 | 42.4-j125 | 55.9-j126 | 66.6-j113
50 | 22.2-j114 | 32.3-j116 | 53.6-j107 | 63.5-95.1
60 | 11.7-j109 | 21.3-§105 | 48.5-189.6 | 61.0-§50. 0
70 | 5.4-j108 | 17.4-§96.7 | 29.8-§79.5 | 60.5-j24.0
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Figure B-5. Input Impedance of X and Y Dipoles in ¢ = (° Plane (Circular
Polarization).

B-15

ﬂi.%‘s,.

e e SR S L

T T

o - Ty

e —p




o

A

— = 2678 -66W

Figure B-6. Input Impedance of X 2nd Y Dipoles in ¢ = 30° Plane (Circular
Pol‘irization)

S66-12 B-16




i
g
i
J |
] y ;
] o %
F : | > %

y
| 4 : j
- -' ¢ i 8

50
] o
I X DIPOLE
[ p
‘ :
B : 2
- 2679-66W

Figure B-7. Input Impedance of X and Y Dipoles in ¢ = 60° Plane (Circular
Polarization)




e ;
e o .:ﬂ- :
':f EII =1 o
%iu‘iL“F
* + ﬂ_ ,.‘ < 25
SR, oL X\
=R LH
Zy DIPOLE .
¢ &0
i b
"
T, 7
s 2680 -66W

¥igure B-8. Input Impedance of Xand Y Dipoles in ¢ = 90° Plane (Circular
Dalarization)

i R, L W il




.

Principal plane patterns for both the X and Y dipoles are obtained using Figures
B-§ ard B-8 with equation (11). The results are shown in Figure B-9. Note that array
eifects broaden the: E plane rattern considerably for both planes, but only affect the H plane
pattern in the plane ot ecan which allows the grating lobe to enter real space. The grating
lobe effect is ;;radual, first taking place at » scan angle of about 55° L

The reflected power in both the driven and orthogonal ports of the quadrature hybrid
c2a be directly determined from Figures B-5, B-6, B-7, and B-8, The reflected powers
are (assuming unity incident power to the driven port)

Pdriven = | D

P‘orthogonal = IT, + )% (17
The terms FD and I"0 can be obtained directly from a vector addition of l"x and l"y in
Figures B-5 thru B-8. The results are shown in Figures B-10 and P-11,

Figure B-10 shows I7) as a function of § and ¢. For small values of 6, | l"Dl is
independent of ¢ and the phaseof I D is dependent upon 2¢. At wide steering angles, where
grating lobe effects begin to occur, |FD|repeats for 60° changes in ¢ and the phase of l"D
varies as 2¢. Because of the variation of the phase of l"D with ¢, it is seen that there is
no fimple matching network which reduces l"D independent of ¢.

Figure B-11 plots l"o as a function of ¢ and 6. Note that, to a good approximation,
l"o is independent of ¢. Hence, a matching network may be used which reduces the peak
value of l"o at wide angles at the expense of the match at 6 =0°. It is because of the ¢ in-

dependence of I"o that the dipoles were not matched at broadside. Instead, I"o at 6 = 45°
was minimized,

The observed variation in I‘o and l"D with ¢ is expected for ¢ircularly symmetric,
circularly polarized elements because the coupling coefficients between driven ports or

between orthogonal ports vary as 2¢, while the coupling beiween a driven port and an
orthogonal port is independent of ¢.(6)

The ellipticity ratio of the crossed dipoles was computed in the principal planes.
From Figure 8-9 it can be seen that the E and H plane beamwidths are approximately equal.
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However, the relative phase of the two patterns is dependent upon 0, which causes the
ellipticity ratio to degrade. Compututions show that the ellipticity ratio ie better than
2 db out to 60° in the ¢ = 0° Plane and out to 50° in the ¢ = 90° plane.

All the results thus far indicate that the dipole is a good phased array element {or
scan angles cut to about 50 degrees from broadside. Two other results are required before
this conclusion can be reached: the bancwidth capability, and a verification that the chnsen
array size is adequate to simulate the infinite array, It is known that an isolated dipole
above a ground plane can be well matched over a reasonable bandwidth (a match better than
1. 2: 1 can easily be obtained for a 7 per cent bandwidth). Hence, it is the bandwidth of the
mutual coupling that had to be investigated. To determine the mutual coupling bandwidth,
the element length in wavelengths was kept constant, but the interelement spacing and
height above a ground plane was reduced by 7 per cent. The -esults of these computations
are shown in the firat part of Table B-3.

TABLE B-3
DRIVING POINT IMPEDAN CE
(FOR SCAN IN TWO PRINCIPAL PLANES), AT FREQUENCY Fo)

Array Size = 137 Elements Array Size =447 Elements

O |xBini®s = o"xzm;% =90 7, ;40 yZin’ 95 50° ylini 850 yZini 9 = 90°
0 | 64.5-j144 | 64.5-j144 | 65.3-j149 | 65. 3-j149 | 66.9-j147 | 66. 9-114‘;1
10 | 62.1-j143 | 68.6-j144 | 67, 3-j144 63.8-j148 | 67.0-1146 | 64.9-j14¢
20 | 57.6-j139 | 66.6-j136 | 67.6-j142 | 59, 2-j139 | 67.6-j140 | 58.4-j137
30 | 49.5-j132 | 72.7-j126 | 71.2-j130 | 50, 5-j130 | 69.3-;131 | 47.8-j130
40 | 37.0-j123 | 66.5-j110 | 68.5-j120 | 35. 0-j123 | 71.4-j119 | 37.5-j122
50 [ 23.1-j118 | 71.1-j92.0 | 69.1-j104 | 2i. 7-j118 | 65.4-§103 | 23.9-j118
66 | 11.1-j117 | 57.8-66.2 | 58. 2-§81. 9 10.4-j117 | 61.2-185.6 | 12, 2-j118
70 4.2-j116 | 33.5-j44.2 | 37.2-572.3 | 2.4-j119 | 40, 1-768.2 | 3.9-j120

Comparing these results to the principal plare impesdances in Tabies B-1 and B-2,
it can be seen that the VSWR remains approximately the same. To check the array sample
size used, the input impedance to the Y dipole in a 447-element. array with the same reduced
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spacing was «lgo computed. These results are given in the last part of Table B-3. The
two different array sizes give essentially the same central element input impedance.

Computations were also made on elements with a 3 per cent larger interelement
spacing and height above the ground plane. In general, the VSWIt was slightly worse
everywhere but in the ¢ = 90° plane. In this plane, which is the H plane of the X dipole, the
X dipole VSWR increased signiticantly at the angles 6 = 60° and 70°, indicating that signi-
ficant grat.ag lobe »ffects were occurring However, if steeriug were limited to a 100 degree
includd angle cone, the worst VSWR in the principal planes would be about 2: 1.

The configuration consisting of 0.2 dipoles spaced 0. 3x apart on an equilateral
triangular grid 0. 25x above a ground plane will now be discussed. The close spacing was
chosen to eliminate any pcssibility of grating lobe effects. The array size chosen to study
this problem was about 7x square, slightly larger than that used to study the 0. 4x long
dipoles. The array consisted of 45 columns and 29 rows for a total of 653 elements. The
driving point impedance was computed as a function of scan angle in the two principal
planes. The data is presented in Figure B-12. The matching network used with the short
dipoles is adjusted so that the broadside impedance lies in the same part of the Smith Chart
as it does in Figure B-5 to allow ¢28y comparison. Note that the equivalent generator
impedance is not the complex conjugate of the isolated element impedance, since this
matching technique is only valid for elements reascnably far apart (as far apart as possible
without allowing the grating lobe into real space for any of the desired scan angles).
Comparing Figures B-5 and B-12, it is seen that scahning in the H plane is independent
of the element spacings as long as the grating lobe ic kept well out of real space. For
E plane scanning, the real part of the impedance variation is independent of the element
spacing, but the reactive part is dependent upon element spacing. However, no significant
change in scan performance out to 70° is observed. Hence, the scan performance of
dipoles 0. 6x apart is almost as good as it is at closer spacings.

B.4 CURRENT SHEET ANTENNA

Discrete elements have been analyzed in both finite and infinite arrays. .In general,
the formulas for the element input impedance are quite complicated and must be solved
using computer techniques. To obtain a simple expression for impedance variation with
scan angle, an infinite current sheet above a ground plane will be analyzed. Since a
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current sheet may be thought to be an infinite number of very closely spaced small dipoles,
the impedance variation with scan angle will be similar to that obtained in Figure B-12.

The geometry to be analyzed consists of an infinite current sheet of Y directed
current in the XY plane with a perfectly conducting sheet at Z = -d as shown in Figure B-13.
The problem 1is to find the ratio of electric to magnetic field parallel to the sheet as a func-
tion of steering angle. To steer the beam, the current sheet is excited with uniform
amplitude and 2 phase shift linear with distance. Assuming the plane wave direction is
0=0 o ¢ = 90°, the ratios of magnetic to electric fields near the current sheet are

E"_ .._y_‘/_' for Z = O+ (18)

—JT f cot (2"(l cos 90) for Z = 0- (19)

where equation (19) is the admittance looking into a short circuit from a transmission line
having the characteristic admittance ‘/ﬁ_' /cos 90 and propagation constant 27 cos eo/xom
The total inipedance seen by the current sheet is

. 1 ) ,/E cose0

(20)

“; _Hx l-jcotz—;gcos()).
E . o
Y1or ¥]o-

Equation (20) is valid for scanning in the ¢ = 90° plane (E plane).

Note that in equation (20), the numerator is simply the ratio E y/H of the excited
plane wave. It can be shown that for a plane wave steered in the general direction 9 ¢o’
the input impedance is

u.(c0829 + sin29 cosz¢ )

e(cos T ot sin20 sinch )

1-]j cot(jz-z-CI cos 90)

(21)

Ao
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Letting d =) _/4 and plotting

€ s
 SE————— N \/E Z-4.7 (22)

the Smith Chart plots for E and H Plane scan in Figure B-14 are obtained., The peculiar
normalization of equation (22) was used to allow a diect comparison of Figure B-14 with
Figures B-12 and B-5. Compering these figures, it is seen that Figure B-12 is very
similar to Figure B-14 and that the impedance plots of Figure B-12 are between the
impedance plots of Figures B-5 and B-13 as expected,

Thus, the current sheet approach first suggested by Wheeler(s) for analysis of
dipole arrays without a ground plane has been shown to be a useful approach for dipoles
above a ground plane also. With this approach, the scan angle limits of a dipole element
above a ground plane has been established.
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FLIGHT TEST PERFORMANCE DATA ON THE MAR RADAR SYSTEM

The MAR phesed array radar system was developed by Sylvania under contract to
Bell Telephone Laboratories (DA-30-069-0RD-1955). The radar uses circularly polarized
coaxial horn antenna elements in a planar, hexagonal array similar to, but much larger
than, the array uaed in this study. Extensive flight tests over the MAR radar confirm the
surface wave analysis in th's study.

A radar target was simulated b an airborne transmitter of known location, RF
power, and polarization. The airborne transmitter (with controllable polarization; was
tracked by ive circularly polarized, phased array, radar receiver on the ground. The
power output from the receiver sum channel was recorded zx a function of array scan.
The ewvelope of this sum beam rlaximum versus scan is the antenna element radiation
pattern, Consequently we can compare this radar flight test data* with analytical and
experimental -lement radiation characteristics obtained in this study contract. -

When the MAR radar was scanned in the directions predicted in this study, radia-
tion minima were s>bservez, Received power dropped sharply by 3 db, and ellipticity
exceeded 15 decibels. This occurred over a narrow angular band of the shape shown in
Figure 5-5. These flight measurements showed that in the critical scan directions (near
the edge of the radar design coverage) the radar array received only one linear polarization
component and rejected the orthogonal component of the "radar echo". This could be
explained by surface wave propagation across the array face in only the lowest T, M,
mode. The measured holes in the coverage occurred at slightly larger scan angles .
(implying a slightly faster surface wave) than had been measured in the sar: ﬁﬁ}g}er

A

this study contract. This could be due to ary of several small differences in the an ‘f;%mé"
elements or it could be a direct consequence of the different array sizes. (The M.;QR array
was several times larger than the one used in this study. ) o .

The radiation patterns of certain edge elements in the MAR receiver array were
meusured. These edge elements showed radiation nulls at the same scan angles as the
nulls in the sum pattern of the fuil array. However, the edge elements radiated non-
symmetrically; the deep null appeared only on that side away from the array center. This

*Courlesy of John Van Dolman, Bell Telephone Labs, White Sands, New Mexico
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I asymmetric performance of the edge element was predicted analytically. Mutual coupling
and re-radiation are possible only from antenna elements on one side of an edge element.
] The phase delays through mutual coupling plus radiation retardation add in multiples of

2r for radiation or reception at the critical scan angle on the side of the array normal
opposite the parasite. This accounts for the asymmetric radiation null.

The antenna element coupling coefficients in the MAR receiver array were also

measurcd. The coupling data resembled Figures 4-2, 4-4, and 4-6 of this report except
that

1) the coupling intensities in the MAR array were i'eported to be a few deci-
bels weaker and,

2) the MAR coupling velocity was reported to be a few percent faster than
found in our study.

Measurement of the IMAR radar scan coverage, element radiation pattern, and mutual
coupling coefficients confirm the findings in this study.
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LIST OF SYMBOLS

= column coupling amplitudes

= velocity of light in free space, 2.99790 X 108 m/«
= gpacing between elements in X and Y directions

= dielectric constant of medium

= total radiated field intensity (volts/meter)

= electric field radiated by the mth element per unit incident
voltage

= radiated field intensity (volts/meter) from the whole array
= radome height above ground plane

= free space wave number

= wave number along array surface

= array indices locating the antenna element

= characteristic impedance of free space (377 ohms)

= reference element indices

= total power (watts) radiated by the array

= inverse square of the surface wave velocity

= gpherical coordinates

= mutual coupling coefficient between the central (0, 0) antenna and the

{m, n) antenna
= subscript identifying the array steering commands
= radome thickness
= transverse electric, wave mode in rectangular waveguide
= transverse electric, wave mode in coaxial waveguide

= transverse magnetic surface wave mode

= propegation constant normal to interface




LIST OF SYMBOLS (Continued)

\' d = volume of hemispheric radome dielectric

Vi = drive applied to the (m, n) antenna, amplitude and phase

\' 00 = drive applied to the reference element

A/ = phase velocity along array surface

Vm = incident voltage driving the mth antenna element

X,V,2 = cartesian coordinates

x = distance in the direction of surface wave prpplgation

z = distance normal to the surface

zo = characteristic impedance of the transmission lines

Zs = tangential surface impedance

a = attenuation constant

¥ = tangential propagation constant

l"m(es¢s) = active reflection coe{ficient at the mth element “

n a(t?s(os) = array efficiency = %g; :: ::g::::ded '

0 sc = critical scan angles

ngL = scan angle causing an end-fire grating lobe

6 s¢s = array steering coordinates

Ag = wavelength along array surface

\Itx, \Ify = phase increments between consecutive columns or rows

¥ = phage of the mth column coupling coefficient

¥ = mean coupling phase delay per column

ﬁi = effective sclid angle surrounding each major radiation lobe in
real space

w = angular frequency
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CONCLUSICNS

Analysis and experimental evidence show that array performance can vary greatly
with scan angle. In-phase coupling accumulation can cause deep holes in the scan
coverage of a phased array. Coupiing accumulation seems to be largest (deepest radiation
nulls) in those an* »nna arrays which provide a mechanism for launching and propagating
an eleciromagnetic weve alorg the array face. In some arrays, this coupling wave
travels it a velocity substantially less then the velocity of light in free space. Slow wave
coupling accumulation leads to radiation minima at scan angles lese than those for which
a grating lobe peak enters real space. in this case, scan performance is limived, not by the
classical grating lobe consiiisrations, but sather by cumulative coupling, Radiation nulls
can occur within the design coverage if the array spacing is chosen to merely keep the
grating lobe maxima outside real space for all required array scan diractions,

Ina bhaaed array, mutual coupling between any pair of antenzia elements is usually
quite small, Their individual effect on array performance is usually negligible. Lerge
degradations of array performance occur when many coupling contributions add in-phase
in the critical scan regions, For this reason, cumulative coupling minima may not be
recognizable in the anaiysis or test of small array samples frequently used in the devciop-
ment and test of antenna elements for use in large phased arrays,

Multifunction radars frequently use phased arrays to form and steer high resclution
radar beams. The effectiveneas of such an antenna array is measured 10t terms of its
angular radiation coverage, polarization ratio, active impedance, and e'ficiency. All
these aspects of the antenns irray are related so that serious degradation in one aspect
is usually reflected in the cthers.

Consequences to system performance at the critical scan angles depend upon the
array design. Measurements here 3uggest that one lincar polarizaticn (electric field
in the plane of scan) could be almost totally reflected at the array face with virtually no
radiation of this polarization at these scan angles. A linearly polarized array would be
blind in thege divections; & circularly polarized arriy could radiate only one linearly
polarized component; a two port polarization diversity receiver would accept the same
linéar polarization (E perpendicular to the plane of scan) at both antenna terminals, thus
loeing polarization discrimination capability. In three-dimensional space, the critical
scan regions are bounded by corrugated cones, parallel to, and ingide, the scan surface
defined by the emergence of a grating lobe maximum into real space.

566-12 AA-D




The existence of deep radiation holes and related deterioration in array performance
are not inherently bad, provided thes< degradations are kept outeide the scan coverage
required of the phased Rrray. Array performance which deteriorates abruptly outside the
required coverage region may be preferable to lesser degradations spread across all
Scan space including the scan area for which strong &rray coverage is desired.
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RECOMMENDATIONS FOR FUTHER STUDY

Effective use of phased arrays requizes an accurate knowledge of the potentialities
and limitations of this type of radiating system. Phased arruy understanding remains in-
complete in certain important engineering areas. We will try to identify those critical
areas closeliy related to this study.

This study has shown the relation between the angular position of radiation minima
and array coupling velocity. Null depths in measured element radiation patterns were
found to vary greatly with the microwave frequency and array polarization. Sometimes a
secondary minimum was observed at a wider scan angle than the first minimum. Array
coverage is limited by the first minimum; its angular location has been explained. The
depth of the first minimum and the occasional observance of a second minimum have not
been fully expiained.

Antenna elements for large arrays are usually developed «nd tested in small array
samples. Antenna element performance is known to change significantly in passing from
a small to a large array. A general \“eory ( or new test procedure) is urgently needed
to extrapolate element performance measured in a small array to performance of that
same element in a lurge array.

An array of flush coaxial horns has been tested and reported to have no radiation
nulls in the forward . misphere of the array ( |6 sl <§0°), even under conditions where 2
grating lobe approaches and enters real space. A more critical examination of this high
potin&lal array element is needed.

Finally, a variety of classical slow wave structures have been analyzed by others.
Some of these physical shapes resemble phased arrays. Application of these classical
solutions; to phased array problems could lead to techniques for estimating coupling
velocity and assuring that future array designs have cumulative coupling nulls outside
their required scan coverage.
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